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ABSTRACT 

To clarify the dynamics of axonal transport, two 
features of this process were studied: (1) The motion of 
intraaxonal organelles after inhibition of rapid axonal 
transport, and (2) the fine structure of axons after 
freezing and thawing. 

Axons from Xenopus laevis were treated in solutions of 
colchicine, dinitrophenol, or dimethylsulfoxide. Other axons 
were treated with hypertonic potassium glutamate, heavy 
water, or were frozen in liquid nitrogen and then rapidly 
thawed. The movements of intraaxonal organelles were 
observed in all preparations with dark-field microscopy. 
Film records of the movements were made and the data were 
compiled by computer. The analysis of data consisted of 
calculating: the standard deviations of positional 
Fluctuations, instantaneous velocities, velocity 
distributions, and periodograms. In addition, specimens of 
thawed nerve were examined with electron microscopy. 

In all of the preparations, transport of organeiles was 
inhibited. However, many organelles moved back and forth 
about fixed positions with a frequency of about 0.1 Hz. The 
standard deviations of these movements were maximally five 
micrometers. Also the movements were aligned with the 
longitudinal axis of each axon. Similar positional 
fluctuations were found superimposed on the linear 


displacements of transporting organelles. 
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1. INTRODUCTION 


1.1 The Problem 

An intracellular movement of material occurs between 
nerve celi bodies and the distal reaches of their axons. 
This movement is called axonal transport. Under a high 
powered microscope, transport appears as a longitudinally 
directed movement of intracellular particles (Cooper and 
Smith 1974). The movements of individual particles are 
complex. While they move predominantly in retrograde or 
anterograde directions, they may temporarily reverse 
direction. 

Under certain conditions axonal transport is inhibited, 
and the previously translating particles then oscillate back 
and forth about fixed positions (Hammond and Smith 1977). It 
1s not Known whether these oscillations are a residual 
component of an impaired transport process, or if they 
result from an unrelated process. 

The oscillatory motion can only be driven by thermal or 
active forces. Thermal forces result from surrounding 
molecular motions as with Brownian motion, while active 
forces result from processes requiring energy from 
metabolism. If the motion is thermally driven, then it is 
possible to infer from the character of the motion the 
viscosity and other properties of the axonal microstructure. 


If instead the process is active, then it is likely related 


_pederad. ewacd bataatin te Jnsmaien vail Toaaaned ae 
a jiaitt Mh eeviocn> tole RO cet) Lins édebad plop — 7) 


| “git ehh. -Progeis 7 (ants os! ss a) | ieee pet 
4 ae) Tanta) toro! 6 te steooms J-adgrat .sqcosety mone 


f 

a tea Woon?) thit+es wslulleset7n” 10 tnemoyar hate 

a) O16 e4fs) i*s4 (Divi bn Jo Siramevon sti ory “0 tee 

40 S0evjo lest yi oes Mom 4vom' «al iw se) Qe 

Ne ee edo”. vi Ps e4oeia? vam yal: lend) Joe) ehesgpaetes 

' .- etary 
nema Tite of Peeperies fir mm {ones “9 alien 


aed gia! tiaeem ment whe si) 5156 gartaheng: ¥- Ove 9 as a : 


1 t8) Witwe Ure ore) an! s1 aom be. is a5 ek 
, 
| iguhifans « e482 ahoits | base) aaa?’ Jaitoqw wert 7a ae 
7 i< _ - “art 3) so age 1 J. eee ite 3) eng) ar ~ reece t 
“es ¥ pe peyitey 118 9 BE ia ier *hises® 


(Jjore aay 


foment ot WeVviah ea “! q:mes ¢ 
| got hbawerue weer’ i; = is lel Fe act «baie rT. 
tray Sit. chtiae Retnwens iotu es Moo Seay oe a 
Bott ygrace catieihns) $0uae bush fis ao 
aio Favret fisnae: ee) ee Sadt 
ec ti vpemiesi! ti mee an! shh 
ai mi | Gupte Org. 1 
_ Ston> GG? 


to the mechanisms which drive axonal transport. 

This thesis contains a study of several aspects of the 
oscillatory motion of intraaxonal particles. First, the 
conditions causing the residual oscillations are 
investigated. Second, the action of a metabolic blocker on 
this motion is examined in an attempt to distinguish between 
active and thermal forces. Third, the motion is 
quantitatively analysed and calculations are made of the 
standard deviations of the displacements, instantaneous 
velocities, velocity distributions, and periodograms. These 
calculations are then compared to predictions from Brownian 
theory, and to similar calculations obtained from 
transporting particles. By these means, it is possible to 
conclude whether the oscillatory motion results from therma] 
MOUTON PORMmi att Sid eCOMDONE|igOl a aX Onda) sumamspon.e 

[nedddition tothe study of oscillatory motion within 
axons, axonal microstructure is examined to see what effect 
this has on particle motion. For this purpose, axons were 
rapidly frozen and thawed, and then either the particle 
movements were observed with light microscopy, or the 
structural changes were studied with electron microscopy. 

The final aim was to attempt to characterize the motion 
of intraaxonal particles. By means of the quantitative 
methods used in this study it was hoped that the results 
would allow a critical examination of the prevailing 
theories of axonal transport, and perhaps allow a better 


understanding of the mechanisms involved. 
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In the remaining introduction, the subject of axonal 
transport is reviewed. Particular emphasis is placed on the 
motion of optically detectable organelles within cells, and 
the conditions which produce oscillatory motion within 
neurons. Because the cytoplasmic medium which contains these 
organelles also affects their motion, the physical 
properties of axoplasm are reviewed. Finally, several 
postulated mechanisms for fast axonal transport are 


presented and criticized. 


1.2 Axonal Transport 


1.2.1 General Features 

Axonal transport is a large and complex subject. In 
this review only areas pertinent to this thesis are 
discussed. The reader is referred to other reviews for a 
more general coverage (Ochs 1974; Schwartz 1979; Grafstein 
and Forman 1980). 

Axonal transport can be classified into two broad 
categories based on the speed of transport (Grafstein and 
Forman 1980). The first is slow transport, or axonal flow. 
It occurs at speeds of 0.4 to 5 mm/d. The major structural 
components of axons: microtubules, neurofilaments, and actin 
filaments are transported at these speeds. 

This study deals primarily with the second category— 
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reach 500 mm/d. A wide variety of materials such as 
proteins, lipids, synaptic transmitters, and various enzymes 
are transported via the fast system. (Grafstein and Forman 
1980). Table 1.1 contains a list of some of these materials. 
Many diverse materials are transported at similar rates 
(Sabri and Ochs 1973). 

Rapid axonal transport is bidirectional. Materials, 
originating in the cell body, are transported to the 
terminal axon where they may reverse direction and be 
transported back. This reversal of transported material was 
well demonstrated in studies of [14C] leucine transport in 
leghorn chickens (Bray et al]. 1971). Exogenous material, 
such as [1251] labeled tetanus toxin, may also be taken up 
at the axonal terminal and be transported to the cell body 
at speeds of 264 + 33 mm/d (Shield et a]. 1977). Generally, 
the speed of retrograde transport is siower, but it is still 
within the same order of magnitude as anterograde transport. 
Retrograde transport is affected by the same agents that 
inhibit anterograde transport (Grafstein and Forman 1980). 
These similarities between retrograde and anterograde 
transport suggest that they both depend on equivalent 
mechanisms. 

The form of the material transported within axons has 
been studied. Sabri and Ochs (1973), working with the 
Granspore ore) Hi leucine 1eedt Scildlicimer Ves ss nomogend2cd 
and then centrifuged the transported material. They found a 


small proportion of the transported material was soluble 
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Substances Transported By Fast Axonal Transport 


Membrane Constituents 


proteins 
glycoproteins 
lipids 


Synaptic Transmitters 


norepinephr ine 
acetylcholine 
serotonin 
dopamine 


Transmitter Related Enzymes 


choline acetyltransferase 
dopamine fB-hydroxylase 
monoamine oxidase 

catecol o-methyltransferase 


Retrograde Iransport Of Exogenous Materials 


nerve growth factor 
horseradish peroxidase 
tetanus toxin 

cholera toxin 

herpes simplex virus 
rabies virus 

varicella zoster virus 
polio virus 


while most was particulate. In another study, Elam and 
Agranoff (1971) analysed transported [3H] proline and [#H] 
asparagine from goldfish optical nerves. In this study, 80% 


of the protein transported was associated with particles. In 


a third study, Cancalon and Beidler (1975), working with 
[3H] leucine in garfish olfactory nerve, noted that most of 
the rapidly transported material was associated with 
constituents of cell membranes. These findings have been 
confirmed by many investigators. Transported materials are 
generally particulate and are associated with membranes 
(Rambourg and Droz 1980). 

The classification of axonal transport into fast and 
slow components has been disputed by some researchers. IN 
vivo experiments with the transport of [3H] leucine in 
rabbit hypoglossal nerve have shown four separate groups of 
materials moving along nerve at different rates (Appeltauer 
and Korr 1975). In other experiments, with [25S] methionine 
and rabbit optic nerve, Lorenz and Willard (1978) claimed to 
find five groups of transport: 

1. polypeptides transporting at greater than 240 mm/d that 
were associated with membranous material, 

2. proteins transporting at 34 to 68 mm/d that were 
associated with mitochondrial material, 

3. actin binding polypeptides, actin, and tubulin 
transporting at 4 to 8 mm/d, 

Ae Sintmbanondaternidal Asean cinaremtnanspohuiidse taececon4 
mm/d, 

5. high density materials such as neurofilaments 
thanspomtingya tk eto tnee mm/ ds 

While the classification of axonal transport into several 


distinct components remains controversial, these findings do 
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indicate that different materials are transported at 


different speeds. 


1.2.2 Methods Of Observing Axonal Transport 

Many different techniques have been used to study 
axonal transport. In an early experiment, Weiss and Hiscoe 
(1948) found that nerve became distended just proximal to a 
constricting lesion. They postulated a distally directed 
flow of axoplasm towards the lesion. Later experiments 
demonstrated accumulation of radiolabeled material at distal 
sites. One example of these later experiments involved the 
accumulation of [3H] leucine in the optic tectum of 
goldfish, after being transported along the optic nerves 
(McEwen and Grafstein 1968). By means of biochemical assay 
this accumulation can also be confirmed. For example, 
Lubinska and Niemierko (1971) found that acetylIcholin- 
esterase accumulated at the ends of transected dog nerves. 
These accumulation studies provided a way to confirm the 
transport of materials within axons. 

The transported material can be analysed by additional 
techniques. Cell fractionation and gel electrophoresis are 
useful methods. Cell fractionation has been mentioned 
previously (Elam and Agranoff 1971). Willard and associates 
(1974) studied the transport of [35S] methionine in rabbit 
retinal neurons using gradient gel electrophoresis and 
autoradiography. They found 43 different polypeptides in the 


transported material. Both cell fractionation and ge] 
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electrophoresis demonstrate the heterogenous composition of 
transported materials. 

Radioisotope techniques have been very important in 
studying axonal transport. Autoradiography and liquid 
scintillation counting are the main techniques. Droz and 
Leblond (1962) used autoradiography to find that [3H] 
leucine moved as a distally-directed front within rat 
sciatic nerve at a speed of 1.5 mm/d. Moreover, it is 
possible to infer the progression of radiolabel within axons 
by using liquid scintillation counting. Lasek (1968) treated 
the ganglia of cat sciatic nerves with [3H] leucine. He then 
incubated nerves for sequentially longer periods of time 
before segmenting each nerve and analysing the amount of 
radioactivity in each segment. Lasek concluded that 
transport occurred at speeds of 500 mm/d and 1.3 mm/d. A 
newer technique even allows the measurement of radioactivity 
as it is transported within living and intact nerves. This 
newer technique employs a radiation imaging device (Snyder 
eteaiiego/6)). 

Another method of observing axonal transport involves 
dark-field, phase contrast, or Nomarski microscopy (Allen et 
al. 1969). By these optical methods, organelles were 
observed to transport longitudinally within axons (Cooper 
and Smith 1974: Forman et al. 1977a). Optical methods were 
used in the present study and are discussed in greater 


detail in a following section. 


1.2.3 Inhibitors Of Fast Axonal Transport 

Many different agents will inhibit fast axonal 
transport (Table 1.2). For some of these agents the 
mechanism of inhibition is not clear (Grafstein and Forman 
1980). The inhibitory agents used in this study are 
discussed in the following text. 

Colchicine inhibits axonal transport (Edstrom and 
Mattsson 1972; Hanson and Edstrom 1977). Colchicine also 
depolymerizes microtubules (Margolis and Wilson 1981). These 
two actions of colchicine suggest that intact microtubules 
are required for axonal transport. However, Byers (1974) 
reported the continuation of transport of [3H] proline in 
rabbit vagus nerves despite depleted numbers of 
microtubules. Thus a dependence of fast axonal transport on 
microtubules remains controversial (Grafstein and Forman 
1980). 

Low temperatures also inhibit rapid transport. 
Brimijoin and associates (1979) observed inhibition of 
transport at temperatures below 13°C in rabbit nerve and 
10°C in frog nerve. Other workers have noted similar 
temperature effects (Grafstein and Forman 1980). Low 
temperatures also cause microtubules to depolymer ize 
(Rodriguez-Echandia and Piezzi 1968). Indeed, Brimijoin’s 
group found a decreased density of microtubules in cooled 
axons. However, they also noted that transport continued 
despite 35% fewer microtubules in rabbit nerve and 65% fewer 


in bullfrog nerve. If microtubules are necessary for 


HEP. pet) 


Sait 9 0.8 

fash Mw! ntactatenal esto 738 tale na 

te alr hg a see. = tease cst cateint eet AN 

segs QANSiD? Sara 

iw woicuh) teens s! cites, otal ei oan = 

sik ante ds..A TS) ou ed Gh oe ee 

eeeit, (87 poop ty ore 2! Got) efodliiots os emai 

eerie iewsis foeirth Yet) ° rege en stain! as Fa 1 Nl 
S72?) eapee ) wees) fons eres Leal oer 

nb enitows §4) To aacerresS a6 tal ines Ou) Ce 


tp exe 68s si ask of 'oceD eaviagp, cage “ws 


oo Picea st (ares Cre? ad nawisaub & zur’. \ ake 


man edu estes: Ta! Seve wrasse athe vel st 
Pieehatt Sets Maran) os) 4) (ee Gts > agprel, ae 
| to, not?! és! Ose™o cc ar Pie: neem 1. a 2 
r < wea “ieee 2 
we over ‘oper jf un et. (itis ogee!) to Poe 
A ent 660 PO1S: G67 Seed—ewW OS!) am Grr ogi 
a - i : 
ee end (Ghd) ORS cae poate!) 4 tl 6 eee 


ai me eel oe el 68 MANO | [Sudo os ‘ 


fracen (earn. (688s a=:) 9 Brie UnMrias+< 
ite He idiccniiaiaiel ior 95; ee ame - nue 


WANEIGS Wm 


Inhibitors Of Fast Axonal Transport 


Agent Postulated Mechanism 
colchicine destruction of microtubules 


vincristine 
vinblastine 
podophy 1 lotoxin 
griseofulvin 
high [Ca*2] 

low temperature 


heavy water stabilization of microtubules 
dimethylsulfoxide (DMSO) 


dinitrophenol (DNP) blocked oxidative metabolism 
sodium cyanide 

100% nitrogen 

calcium chelators removal of calcium 


batrachotoxin sodium flux into cells 


transport, then normal nerve must contain more microtubules 
than are necessary for transport. 

High calcium ion concentrations will inhibit transport. 
Edstrom (1974) noted such an effect with 15 to 20 mM Ca*2; 
this was concurrent with decreased microtubule numbers on 
electron microscopy. Also, microtubules are depolymerized by 
high calcium ion concentrations (Schliwa et a]. 1981). While 
these results suggest a dependence of transport on 
microtubules, they have been contested. Brady and associates 
(1980) claimed that fast transport of [3H] proline persisted 


in rat sciatic nerves exposed to 75 mM Ca*?, despite a 
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complete loss of microtubules. Not only has the dependence 
of transport on microtubules been disputed by Brady, but 
also the inhibitory action of high calcium ion 
concentrations on transport has been questioned. 

Heavy water inhibits axonal transport (Anderson et ai. 
1972). While heavy water stabilizes microtubules and 
increases the consistency of cytoplasm, its action on axonal 
transport is not fully understood. An effect purely from the 
increased viscosity of heavy water (1.26x10-3 Paes) versus 
that of water (1.01x10-3 Paes) should not be enough to 
account for inhibited transport. 

Dimethylsulfoxide, in 10% concentration, also blocks 
rapid transport (Donoso et a/. 1976). This effect may be 
secondary to DMSO preventing microtubules from 
depolymerizing. If this stabilizing action of DMSO is 
responsible for inhibition of transport, then this could 
imply that microtubules must be able to depolymerize in 
order to function. Donoso’s group also noted that DMSO 
caused marked changes in cross-sectional area of axons. 
These area changes may result from alterations in the axonal 
microstructure. Perhaps, structural changes unrelated to 
microtubules are what allows DMSO to inhibit transport. 

Dinitrophenol inhibits transport within fifteen minutes 
of its application to nerves (Ochs and Hollingsworth 1971). 
Since DNP is Known to block oxidative phosphorylation, a 
reasonable conclusion is that transport critically depends 


upon oxidative metabolism. 
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1.3 Organelle Transport 


1.3.1 General Description 

The irregular motion of organelles within living cells 
has intrigued many investigators. Rebhun (1959; 1972) used 
the term sa/tatory to describe this motion. In order to 
differentiate saltatory motion from Brownian motion he 
devised several criteria based on the characteristics of 


motion. These criteria were: 


1. intermittent and variable jumps of several microns, 

2. velocities of several micrometers per second, 

3. discontinuous changes in velocity, and 

4. a discontinuous and non-Gaussian distribution of lengths 


of jumps. 
Rebhun concluded that the fourth point best differentiated 
saltations from Brownian motion, since Brownian 
displacements have a Gaussian distribution. He also 
estimated that the lengths of saltatory displacements could 
possibly be within the probable range for Brownian motion; 
thus this feature was of limited usefulness. 

Saltatory movements occur within a variety of cells. In 
this work, the movements of particles within axons are 
studied. The motion of intraxonal particles has been jabeled 
saltatory (Rebhun 1972). This motion is discussed in greater 
detail here. 

Organelles may be observed transporting within living 


axons by means of dark-field or Nomarski microscopy. Cooper 
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and Smith (1974) observed organelles that were 0.2 to 0.5 
micrometers in diameter moving in both directions, 
longitudinally, within axons of Xenopus Jaevis. The ratio of 
the number of particles travelling distally to those 
travelling proximally was ten to one. Individual particles 
exhibited unexpected stops, starts, and partial reversals in 
direction. The velocities of individual particles varied 
with time but were generally around one micrometer per 
second. These observations of organelie movements have been 
reproduced by other workers using different preparations 
(Breuer et a]. 1975; Forman et al]. 1977a; Leestma and 
Freeman 1977). 

The type of organelles involved in transport has been 
recently studied (Smith 1980). By means of electron 
microscopy of axons from Xenopus laevis, these organelles 
have been identified as dense lamellar bodies, membranous 
vesicles, multivesicular bodies, and small mitochondria. 
Clean ynwatranspond isnot specidiice Losone: typerof organelle. 

While radioisotope studies have demonstrated a 
significant transport directed towards the axonal terminal, 
optical studies have shown predominantly retrograde 
transport. It has been proposed that most anterograde moving 
particles are too small to be resolved by light microscopy 
(Forman et al]. 1977a). Indeed, electron microscopy of axons 
has shown an accumulation of organelles on both sides of 
constricting lesions (Smith 1980). On the distal side of a 


constricting lesion the organelles were larger and 
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resolvable by light microscopy. On the proximal side, 

membrane bounded organelles of about 50 nm diameter 

accumulated. The inference here was that these smaller 
organelles accumulated as a result of axonal transport. 

Thus, it is reasonable to assume that anterograde transport 

involves particles too small for optical resolution. 

Several other characteristics of optically detectable 
movement within axons have been documented: 

1. Both Cooper and Smith (1974) and Breuer et al]. (1975) 
noted that individual organelles moved independently of 
other organelles. 

2. Forman et a/. (1977a) noted that while organelles moved 
predominantly along the longitudinal axis, there was no 
evidence that particle motion was restricted to specific 
channels within axons. 

3. Leestma and Freeman (1977) found that some particles 
moved back and forth several times over short distances 
before passing nonmoving organelles or obstructions. 

From these observations it is evident that organelle 

movements within axons are complicated. 

How well does the term saltatory describe the motion of 
intraaxonal particles? While the irregular movement of 
organelles in some preparations grossly fits this 
description (Leestma and Freeman 1977; Forman et a/. 1977a)}, 
Cooper and Smith (1974) noted that most organelles showed 
"an almost continuous motion which took place in what 


appeared to be major periods of acceleration and retardation 
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of about ten micrometers length". A more sophisticated 
analysis of movements within axons of Xenopus laevis (Koles 
et al]. 1982a), clearly showed that particle velocity was a 
smooth, continuous function of time. Velocity did, however, 
change more abruptly with position. When displacements of 
particles were analysed with respect to time, significant 
low frequency variations in position were found super imposed 
on linear trends. Since saltatory motion, by definition, is 
characterized by abrupt changes in velocity and position, 
the movement of organelles within axons from Xenopus laevis 


does not seem to be saltatory. 


1.3.2 Inhibitors Of Organelle Transport 

If the transport of optically detectable organelles 
within axons corresponds to the transport of radioactive 
labels in nerves then agents affecting transport of 
radiolabel should also influence organelle transport. 
Indeed, studies done with dinitropheno! (Kirkpatrick et al. 
1972), colchicine (Hammond and Smith 1977), and with low 
temperature (Forman et al]. 1977b) demonstrated inhibition of 
Ondanel emi ralsponter theremebesne epor tse Onmthegetrecivos 
dimethylsulfoxide, heavy water, or high calcium ion 
concentrations on organelle movements. It is, however, 
reasonable to conclude that optically detectable transport 
andaradiovsotope trahsporteavesa iferentaspects Ofeihe same 


process. 
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1.3.3 Oscillatory Motion Of Organelles 

In unimpaired nerve, most intraaxonal particles will 
transport in one net direction. Reversals in direction are 
infrequent, occur over distances of less than one 
micrometer, and are transient. Particles have a strong 
tendency to move in one direction (Cooper and Smith 1974; 
Breuer et a/. 1975; Leestma and Freeman 1977; Forman et al. 
1977a). In only 4 of 1000 particles tracked by Forman’s 
group did particles reverse their net direction. A small 
number of particles will move back and forth about fixed 
positions. Leestma and Freeman (1977) observed this fixed 
motion in 5 of 272 particles using cultured murine spinal 
chord. Thus a general tendency for particles to move in one 
net direction is clearly evident, but there is also some 
capability for a particle to reverse its direction. 

Certain agents will inhibit organelle transport, 
leaving a residual back and forth motion about fixed 
positions. Hammond and Smith (1977) observed a one 
micrometer wobble of organelles about fixed positions within 
axons of Xenopus laevis that were exposed to colchicine. 
This effect was observed during a phase of partial 
inhibition of transport of organelles. Similarly, Horie and 
associates (1981) observed a fixed wobble of organelles 
within cultured nerve of chick embryos that were treated 
with colchicine. Another observation of back and forth 
organelle movement was made in association with constricting 


axonal lesions in Xenopus laevis (Smith 1980). In this 
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preparation some particles moved back and forth over 
distances of up to twenty micrometers. No other conditions 
producing back and forth motion within axons have been 
described. Neither is it Known whether the wobble produced 
by certain inhibitory agents is related to the transient 
back and forth motion observed in unimpaired nerve. In this 
thesis, the conditions producing this oscillatory motion are 
investigated. 

The significance of the residual wobble is unknown. 
This wobble may be a residual component of unimpaired 
transport. It could be an exaggeration of the propensity for 
transporting particles to reverse direction. On the other 
hand, this wobble may be a form of Brownian motion. This 


present study is an investigation of this residual wobble. 


1.4 Physical Properties Of The Cell Interior Affecting 


Transport 


1.4.1 Intraaxonal Structure 

Axons contain an abundance of submicroscopic 
structures. Besides mitochondria, smooth endoplasmic 
reticulum, and organelles moved in transport, there is an 
abundance of fibrillar elements (Table 1.3). Microtubules 
and neurofilaments are the principal fibrillar elements 
(Bray and Gilbert 1981). These fibrils extend longitudinal ly 


within axons. Weiss and Mayr (1971) found an orderly 
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Main Fibrillar Constituents Of Axons 


Structure Properties 
Microtubule long cylinder composed of tubulin 


25 nm in diameter 
Neurofi lament long linear polypeptide rod 
10 nm in diameter 
the commonest constituent of axons 


Microfi lament actin composed fiber 
7 mm in diameter 


arrangement of fibrillar components within rat nerve. 
Neurofilaments were evenly spaced 0.04 micrometers apart, 
and microtubules extended along the axon’s length. The role 
of these fibrillar elements is unclear (Bray and Gilbert 
1981). These elements may have a role in maintaining cell 
FOCMMEdnG ain inikhace li lareurahnspor tl. | 
Porter, Byers, and Eilisman (1979) proposed a more 
definite role for these fibrillar constituents. They based 
their speculations on the results of high-voltage electron 
microscopy. In their model, a “three dimensional lattice” 
was constructed from the fibrils. Enveloping this 
“cytoskeleton” was an aqueous phase. Extending from the 
framework were "microtrabeculae", linking the framework to 
vesicles, plasma membrane, smooth endoplasmic reticulum, and 


multivesicular bodies. This framework could constrain the 
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Brownian motion of particles contained within, and local 
conformational changes could induce saltatory motion of 
these particles. However, even if the structures observed 
were not artifactual, their dynamic properties and function 
remain hypothetical. 

There are several ways that intraaxonal structure could 
affect transport. First, it is reasonable to assume that one 
or more of the structures, seen with electron microscopy, 
are involved in the mechanism for axonal transport. Second, 
the fibrillar elements may constrain organelle motion to 
certain directions or regions within axons. Third, these 
fibrillar structures may alter the viscoelastic properties 
of their surrounding axoplasm thus affecting resistance to 


organelle motion. 


1.4.2 Axoplasmic Viscosity 

The viscous resistance of axoplasm likely influences 
the transport of organelles. Biondi and associates (1972) 
measured the viscosity of frog axoplasm by its flow through 
a microcapillary tube. They found a viscosity of 10° Paes. 
Also, they noted that axoplasm was pseudoplastic, that is, 
viscosity decreased with increased rate of shear. In another 
experiment, Rubinson and Baker (1979) forced axoplasm from 
squid giant axons through a’cellulose acetate tubule ihe 
squid» axoplasm had a’ viscosity of 15 Paes; vandialsyield 
stress of 11 Pa. Treatment of squid axoplasm with millimolar 


calcium solutions reduced its viscosity markedly. 
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Different techniques produce different viscosity 
values. Using the electron spin label, Tempone, Haak and 
associates (1976) found a viscosity of 5x10-3 Paes within 
cat sciatic nerve. Also Arhem (1975), with his current clamp 
method on Xenopus laevis axons, observed that diffusion 
coefficients for smal! ions were similar to those in water. 
This implied a viscosity similar to that of water. 

Two conclusions can be drawn from the viscosity data: 

i. The difference between the bulk viscosities of Biondi 
and Rubinson and the microscopic viscosities of Haak and 
Arhem arises from structures within the axoplasm. 

2. Viscous resistance to a particle’ s movement depends upon 


the particle’s size in relation to the microstructure. 


1.4.3 Brownian Motion Of Organelles 

Brownian motion may occur within cells (Shea and 
Karnovsky 1966). It is difficult, however, to distinguish 
between Brownian motion and the motion caused by metabolic 
processes. It was for this reason that Rebhun (1972) defined 
his criteria for saltatory movements. Generally small, 
rapid, and randomly directed movements can be attributed to 
Brownian motion. Taylor (1965) observed two types of 
movements of particles in cells of Tritus viridescens. One 
consisted of twenty micrometer displacements occurring in up 
to three second intervals. The second consisted of finer 


random displacements. Taylor designated these movements as 


saltatory and Brownian respectively. Piddington (1976) was 
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able to distinguish between saltatory and Brownian motion 
within cells of Nitella by using laser light scattering. The 
photon correlations Piddington obtained had different forms, 
depending on the manner in which particles moved with 
respect to each other. In both of these experiments the 
distinction between Brownian and active processes was based 
on plausibility arguments. 

Within cells of highly developed organisms, Brownian 
motion is not easily observed (Shea and Karnovsky 1966). 
This is probably due to a more structured cytoplasm 


constraining any organelle movement. 


1.5 Postulated Mechanisms Of Fast Transport 

The mechanism of axonal transport is unknown. Several 
models have been proposed (Table 1.4). Models for axonal 
transport can be classified into three groups: 
1. ratchet mechanisms, 
2. fluid flow mechanisms, 
3. smooth endoplasmic reticulum mechanisms 
(Grafstein and Forman 1980). Particles are transported in 
the ratchet mechanisms by a series of incremental forces 
exerted by a motionless structure. In the fluid flow models, 
material is transported within a stream of axoplasm. The 
final group involves transport within a continuous system of 
smooth endoplasmic reticulum. Current examples of each 


mechanism are discussed in the following text. 
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Schmitt 1968 
Ochs 1974 
Samson 1971 


Kerkut 1975 


Goldberg 1978 
Rubinow 1980 


Weiss 1970 
Gross 1977 
Odell 1976 


Droz 1975 


He jnowicz 1970 


22 


TOG ele 


Models For Fast Axonal Transport 


Ratchet Mechanisms 


particle microtubule interaction 
transport filament 

particle-anionic polyelectrolyte 
interaction 

coded vesicles on transport 

fi lament 

reversible particle-carrier binding 
reversible particle-carrier binding 


Fluid Flow Mechanisms 


peristalsis in microtubules 
microstream flow 

flow induced by oscillating 
filaments 


Smooth Endoplasmic Reticulum (SER) 


transport) within SER 


Other Mechanisms 


longitudinal electro-osmotic forces 


1.5.1 Ratchet Mechanisms 


In Schmitt’s (1968) model, particles are transported by 


a series of incremental forces exerted by microtubule 


Ceackss HEach! pamtbiclelsuccessively bindseito aimicrotupuie 


and is released as a new bond forms further along the 


microtubule. 


Schmitt did not explain the mechanism of 


microtubule binding. However, Samson (1971) provided a 
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further modification of this theory that did. Samson 
proposed that microtubules are coated with a layer of 
anionic polyelectrolytes. These polyelectrolytes, by means 
of sequential binding of particles followed by 
conformational changes and release of particles, provide the 
mechanism to move particles. 

The problem of how a diverse variety of materials— 
vesicles, macromolecules, and soluble material— could be 
transported at the same speed, led Ochs (1974) to propose a 
transport filament model. In this model, the material 
transported is bound to actin-like filaments. Crossbridges 
are continually formed and broken between the filaments and 
microtubules. Motion occurs in analogy to the sliding 
filament theory of muscle. A transport filament thus slides 
along its microtubule guide under the control of a Ca*? and 
Nig*? dependent ATPase. 

Kerkut (1975) developed his "coded vesicles theory" of 
axonal transport in order to explain how so many different 
materials could transport with different speeds and 
directions. In this theory, the transported material is 
contained within a vesicle. On the vesicle’s surface is a 
SHcetticeprotein, acoding, (hemtyperof ema lenialMer ater e@and 
direction of transport. To each vesicle a specific 
myosin-like filament is bound. The filament then slides 
along a framework of actin fibers within an axon, and 
carries the vesicle in the required direction and speed as 


determined by the coded instructions. Vesicles may transfer 
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from transport filament to filament, and may even reverse 
direction. 

Two additional models deal with particles binding to a 
carrier system. In the first model, Goldberg and associates 
(1978) proposed that particles could alternate between 
stationary and moving states by reversibly binding to a 
carrier system. The carrier transports particles at a 
constant speed, and the fraction of time a particle spends 
moving depends on the concentration of particles. The net 
speed of transport thus depends on concentration. 

In the second model, Rubinow and Blum (1980) assumed 
reversible binding of particles to a carrier system and then 
derived a travelling wave solution. The carriers transport 
at a constant group speed, and by allowing different binding 
constants for different materials, a wide spectrum of 
transport speeds results. Rubinow’s theory has been shown to 


be similar to Goldberg’s theory (Mackey et al]. 1981). 


1.5.2 Fluid Flow Mechanisms 

Three examples of fluid flow mechanisms are discussed 
here. In the first example, Weiss (1970) proposed that 
materials may be transported within the core of microtubules 
by a peristaltic mechanism. Axoplasm is propelled by 
conformational constrictions propagating along each 
microtubule. 

The second example is Gross’s and Weiss’s (1977) 


microstream model. Here transport occurs within microstreams 
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that flow in the vicinity of microtubules. Microtubules, by 
exerting longitudinal shear forces on their surrounding 
axoplasm, cause the thixotropic axoplasm to liquefy and 
Flow. Larger particles are swept along within microstreams 
while soluble material diffuses out of these streams. There 
are thus two phases of axoplasm: 
Ieetasstativonapyegelme and 
2a ant towing ssoll 
Particles may reversibly bind to this gel (Gross and Weiss 
1981) with different affinities depending on the chemical 
nature of each particle. The result is a variety of 
transport velocities, depending on the affinity of the 
specific material for the gel. With both anterograde and 
retrograde microstreams, bidirectional transport can occur. 
The last example of a fluid flow model was proposed by 
Odell (1976). In his model, a group of longitudinally 
orientated intraaxonal filaments induce their surrounding 
axoplasm to flow by periodic contractions and relaxations. 
Material is then transported within this flowing axoplasm. 
For soluble material, its speed of transport is proportional 


fo the cube root of its molecular mass. 


1.5.3 Transport Within The Smooth Endoplasmic Reticulum 
Droz and Rambourg (1975) proposed that transport 
occurred within a system of smooth endoplasmic reticulum. 

This system, they postulated, extended continuously 


throughout axons. Various materials are transported distally 
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within this system. At the distal reaches of axons, vesicles 
that contain transported material then bud off the 
endoplasmic reticulum and migrate to the cell membranes. A 
retrograde system for transport also exists, but it moves 
material contained within vesicles back to the cell body 
(Rambourg and Droz 1980). The actual mechanism for transport 
was not elaborated on for either the anterograde or 
retrograde systems. 

The final model discussed here does not fit into the 
above classification. In this model Hejnowicz (1970) 
proposed that particles are moved by longitudinal 
electrophoretic forces propagating along intracellular 
fibrils. Each fibril maintains a concentration gradient of 
ions across its surface. A conformational change within each 
fibril propagates along its length, releasing its stored 
ions. The resulting variations in the Surrounding electric 
fields cause charged axonal particles to move along adjacent 


fibrils. 


1.6 Critique Of Mechanisms 

The variety of postulated models for fast axonal 
transport indicates that no particular model is generally 
considered to be satisfactory. In this section evidence for 
and against each model is discussed. 

Schmitt's (1968) and Samson’s (1971) models can be 


considered together since they both postulate that particles 
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move along microtubule tracks. Both of these models predict 
a jerky motion of particles within axons. This motion 
results from a sequential binding, movement, and release of 
particles from bonds formed in the vicinity of microtubules. 
However, while the predicted motions of particles would be 
discontinuous, this motion could not explain the observed 
variations in motion (Koles et a/. 1982a). The predicted 
jumps in both Schmitt’s and Samson’s theories would have to 
occur over intervals similar to intermolecular distances, 
while the observed variations in motion occurred over 
several micrometers. 

One major assumption of Schmitt's and Samson’s theories 
is that microtubules function as guides. Circumstantial 
evidence does exist for some form of longitudinally directed 
guide within axons (Smith and McLeod 1979). The evidence 
comes from the correlation of paths taken by particles with 
the arrangement of microtubules within axons. However, the 
role of microtubules in axonal transport remains 
controversial (Grafstein and Forman 1980). If a structural 
constraint exists for particle movements, it does not 
necessarily have to be microtubules. 

Neither Schmitt’s nor Samson’s models could explain how 
different materials were transported at similar speeds. As 
noted previously, this problem led Ochs (1974) to propose 
his transport filament model. Conceptually, Ochs’ s model is 
appealing since it is analogous to the generally accepted 


model for muscle contraction. Several predictions follow 
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from Ochs’s model (Ochs 1981): 

1. Transport filaments should be isolable. 

2. Filaments should bind to the variety of materials 
transported. 

3. Crossbridges between filaments and their tracks should 
be demonstrable. 

None of these predictions has yet been confirmed by 

experiment. 

Besides the fact that diverse materials are transported 
at similar speeds, materials are also transported at 
different speeds. Ochs’s mode! could not account for this 
finding without modification. Kerkut (1975) modified the 
transport filament model with his "coded vesicles theory". 
Kerkut’s model is considerably more complicated than Ochs’s 
model— this reflects the complexity of axonal transport. 
Kerkut makes specific predictions regarding the encoding of 
vesicles, an actin filament network, and the existence of 
transport filaments. None of these features has been 
confirmed by experiment. 

One other problem with both Ochs'’s and Kerkut’s models 
is the nature of the resulting motion. Recent observations 
demonstrate a low frequency variation in velocity for any 
individual particle (Koles et a]. 1982a). There is no 
feature of the transport filament models that allows for a 
Vaniatronsia velocitys Furthersamoditications or both 


theories are necessary to agree with observations. 
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Goldberg's (1978) and Rubinow’s (1980) theories both 
have similar predictions. The first prediction is a 
dependence of transport speed on concentration of particles 
(Mackey et al]. 1981). Goldberg used this prediction to 
explain the behavior of pulses of [3H] serotonin in neurons 
from Aplysia californica. However, a dependence of speed on 
concentration has not been found by other investigators 
(Brimijoin 1979; Snyder 1982), and this prediction remains 
controversial. 

A second prediction from Goldberg’s and Rubinow’s 
theories was saltatory motion. This results as individual 
particles interact with carriers. A jerky motion of 
particles has not been observed with more advanced 
cinemicrographic techniques (Koles et a/. 1982a). On the 
contrary, the motion is smoothly varying. The alternation 
from moving to nonmoving states in both of these theories 
was originally used to account for saltatory motion within 
axons. Now that saltatory motion is Known not to occur 
within certain axons, modifications to both theories are 
required. 

A third prediction from the two theories was a bimodal 
velocity distribution. This results from the alternation of 
particles between moving and nonmoving states. However, this 
prediction is not supported by observation. The observed 
velocity distributions are unimodal (Koles et a/. 1982a). 

Major problems arise from Weiss’s (1970) theory of 
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microtubules are capable of peristaltic changes in their 
structures. Furthermore, 0.2 micrometer diameter particles 
have been observed to transport within axons; they cannot 
move within 25 nm diameter microtubules. A significant flow 
would have to exist outside the microtubules in order to 
move these particles. 

In Gross’s and Weiss’s (1977) model of transport, a 
significant flow occurs in the vicinity of microtubules. The 
microstream model is supported by the observed faster 
transport speeds for particles relative to soluble material. 
However, this effect is predicted by other theories (Odel1 
1976). More specific support would result if dyes were shown 
transporting within microstreams, but this has not been 
demonstrated (Grafstein and Forman 1980). In addition, 
neighbouring particles within a single microstream should 
move in a coordinated manner since they are passively 
carried by the stream. Quite the opposite has been observed 
(Cooper and Smith 1974; Breuer et a]. 1975); motion between 
particles is uncoordinated. 

Odell’s (1976) model for transport has some testable 
Teatures. 

1. Speed of transport should depend on molecular mass. This 
has not yet been verified. 

By VAY maximal@specd of transporte 1s predicted mainis 1s 
56,000 cm/d (Rubinow and Blum 1980), and it is much too 
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correlation in movement. As noted above, this has not 
been observed. 

Evidence for involvement of smooth endoplasmic 
reticulum with transport is based on electron micrographs of 
radioautographs taken from axons (Droz and Rambourg 1975). 
This indirect method shows a close relationship of 
transported radiolabel with SER. However, the association 
does not automatically imply that transport occurs within 
SER (Schwartz 1979). There is also some controversy about 
whether SER forms a continuous system within axons (Porter 
et al. 1979), although the lack of continuity found by some 
may be due to staining techniques (Rambourg and Droz 1980). 
Rambourg’s and Droz’s (1980) model invokes an additional 
mechanism to transport vesicles from the axonal terminals to 
the cell body. Since anterograde transport of vesicles is 
Known to exist (Cooper and Smith 1974), it seems much 
simpler to rely on one mechanism for both anterograde and 
retrograde transport rather than to introduce a new 
mechanism for anterograde transport. 

The physical form of the material transported is 
important in some models. In Schmitt's model material is 
packaged within vesicles. In the transport filament model it 
is bound to carriers, and in the fluid flow models it can be 
either particulate or soluble. As noted previously, cell 
fractionation demonstrates a significant particulate 


component of transport. 
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Is there an advantage to transporting particles versus 
small molecules? The answer to this question might be found 
by studying the process of diffusion. The diffusion 


coefficient, D, is given by: 


D = kKT/(6 477 a)? 


ere wim smeO liza asecOonStamnt oon 0 2 omUsmh ees 
ViaScCOS 1 Lyne a1 Sa ties nag lS Of sampdal- ticle, = dndmiens 
temperature. For a particle moving as a result of diffusion, 
the time required to move a distance x is approximately 
x2/D. However, for a particle moving as a result of directed 
transport, the time to move the same distance is xX/u. Here u 
is the particle’s average speed. The ratio of the ime to 
move a given distance by transport versus that by diffusion 


is called the stirring number, S (Purcell 1977): 


s = xeu/D. 


The stirring number essentially indicates the effectiveness 
of directed transport in situations where diffusion has a 
Sidniticant influence on transport. 

When s < 1, the movement of material is dominated by 
diffusion. It will take less time to move a given particle a 
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large numbers of similar particles are observed, then any 
changes in the concentration of the particles, that are 
caused by directed transport, are dissipated by diffusion. 

The diffusion coefficient of the particle has a major 
influence on the stirring number. Small molecules generally 
have diffusion coefficients of about 10-2 m?2/s. A particle 
of 0.2 micrometers radius in water at 294°K has a diffusion 
COC IClen ur CUS i lol Ob 1 miOn omy Sea wath ath other 
conditions being equal, the stirring number is three orders 
of magnitude larger for the particle than for small 
molecules. The dissipative effect of diffusion would be i105 
times greater for the small molecules. Directed transport is 
thus more effective with larger particles than with smal] 
molecules. 

Niechanisms whereby particles are transported through a 
motionless fluid can be compared to mechanisms whereby 
particles are carried in a fluid stream, on the basis of 
theoretical considerations. Before this can be done it is 
necessary to understand some basic particle and fluid 
dynamics. 

The motion of a particle within a fluid is governed by 
the balance between driving forces and viscous resistance. 
For a spherical particle of mass, m, moving through a fluid 
and subsecustoeasdriVaind, force, eh thesequation&rGk MObIGneis 


(McQuarrie 1976): 
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the particle is given by Stokes’ relation: 


resistance = 67aMmNu. 


The power required to move the particle is simply: 


P* =6nmanu2. 


Within a cell, the viscosity should not be less than 
that of water. Even when within water, microscopic particles 
will experience different forces than macroscopic bodies 
(Purcell 1977). The ratio of inertial forces to viscous 


forces is termed the Reynolds number, R. 


MS UTR) 


Here p is the density of the surrounding fluid. For axonal 
particles of radius 0.2 micrometers, travelling at one 
micrometer per second, and within water of viscosity 1x10-8 


Paes,and density 1x103 kg/m, the Reynolds number is 2x10~’. 
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ine wii Wet Orces Old particle arerso smal lemtiey ecanmpe 


ignored. Then the equation of motion [Eq. (1.3)] becomes: 
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Pepomticle S velocity 1s cirect ly propor fiona to. nts 
Cmivingd force. 

Viscous resistance dissipates a particle’s Kinetic 
energy as heat. The energy and momentum of particles within 
a viscous system are not conserved. 

Turning from particle dynamics to fluid dynamics, 
consider the laminar incompressible flow of fluids within 
circular tubes. Different equations govern the motion (Olson 
1967). The average speed, v, of a fluid moving within a duct 
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The pressure drop over the duct is Ap. The power required 
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Eliminating Ap between Eq. (1.8) and Eq. (1.9) gives: 
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This amount of power is dissipated as heat from the flow 
within the tube. 

With these basic principles from particle and fluid 
dynamics, it is now possible to analyse some of the models. 
First, consider the forces necessary to propel a typical 
axonal particle through a motionless fiuid. For a particle 
with a radius of 0.2 micrometers, moving at one micrometer 
per second through axoplasm of viscosity 5x10-3 Paes (Haak 
et al. 1976), the Stokes resistance is 2x10-14 N [Eq. 
(1.4)]. At this speed 2x10-2° J/s is dissipated as heat [Eq. 
(1.5)]. Kaminura and Takahashi (1981) measured the force 
between sliding microtubules of sea urchin sperm to be 2 to 
9 x10-12 N per each dynein arm that extends from the 
microtubules. This force is more than sufficient to propel 
axonal particles. The forces necessary to propel axonal 
particles are within the range of Known intracellular 
processes. 

The power required to transport optically detectable 
particles within an axon can be crudely estimated. Cooper 
and Smith (1974) measured a particle flux of 9 particles/min 
across a ten micrometer transverse diameter in Xenopus 
laevis. Assuming an optical depth of field of 1.5 


micrometers (McLeod 1980), this flux becomes 1x10-? 


ot) 


particles/um2es. With an aVendCem specu of Ones Crone! Chepen 
second, the density of moving particles is 1x10-2 particles/ 
ums. If the power required to move one particle is 2x10-2° 
J/s and the specific gravity of nerve is 1 g/cm’, then the 
power required is 2x10-1° J/ges. 

Rang and Ritchie (1968) measured the oxygen consumption 
of resting rabbit vagus nerve to be 9.03x10-8 mol/gemin. If 
the main component of metabolism comes from oxidation of 
glucose then for every six moies of oxygen gas consumed, 
2.87x10® J of energy is released (Lehninger 1972). Thus the 
basal energy consumption of rabbit vagal nerve is 7.2x10-4 
J/ges. 

The basal energy consumption for rabbit vagus nerve is 
several orders of magnitude greater than a rough Beha of 
the energy required to transport optically detectable 
Damimicies mr Veh at ronlylaesmall fractionvotT, transporting 
particles were optically visible, the energy required to 
move them all would be much less than the basal rate of 
metabolism. 

Is it more efficient to propel axonal particles through 
a motionless fluid, or to carry them in a microstream? Using 
Eqs. (1.5) and (1.10), assume similar speeds of transport (u 
=v), let L = the average length of microstreams, and a2 = 
the average radius of particles transported. Define: 

k* = the number of particles moving per nerve, 
k- = the number of microstreams per nerve, and 


k°? = kt+t/(k-L) = the number of particles per unit length of 
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one microstream. The total power per nerve for each 


mechanism is K#P* and k-P-. The ratio of total power is: 


R* = P-k-/(P*k*) 


R* = 4/(3ak* ) 


If microstream transport is to be more efficient than 
particle transport, then R* < 1. More than 4/(3a) particles 
must then be packed per unit length of each microstream. 
Even if this degree of packing is not consistent with 
observation, this does not rule out the microstream model. 
If the energy required for transport is only a smal] 
fraction of the basal rate, then efficiency may not be a 
limiting factor. Moreover, microstream flow may not be 
analogous to lamellar Newtonian flow within tubes; then Eqs. 
imc Pees) aad (1.10) would not apply. 
Let us now consider Hejnowicz’s (1970) model for axonal 
transport. One aspect deserving examination is the energy 
requirement for maintenance of the ionic gradients within 
axons. He proposed a 3:1 concentration gradient of a 
Univalentrcation across each 7 1brid. In orders (eo) produce. ans 
mV potential. To maintain this gradient, a minimal pumping 
rate of 3.5x10-17 mol/s was required for each ten micrometer 


léndtheotetibral. He jnowiczealso calculated thatwlo ei ion igs 


were needed to move one particle of 0.5 micrometers 
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diameter. 

From Hejnowicz’s figures certain conclusions can be 
drawn. If the paths of 0.5 micrometer particles are not to 
Deenestnicteds to certainvareds: of axons is aeminimal density 
of 76 fibrils/um2 is required to move the particles. This 
number is within an order of magnitude of the neurofilament 
density in rat nerve— 180 filaments/um? (Weiss and Mayr 
1971). Now the free energy change, AG, required to maintain 
the electrical potential across each fibril is (Daniels and 


Alberty 1961): 


wey & irdP Welkeeiee se ise x 


Here rhe gas constant, R = 8.3 JU/mole’K; the Faraday number , 
F = 9.6x104 J/moleV; 7 = 294°K; the voltage drop across each 
fib i sSesurtaceés & =n30mVin thes valency, of the ca tion, aie 
1; and the concentration ratio, a*t/a™- = 3. The Gibbs free 
energy change is then 5.6x10% J/mol. If the mass density of 
nerve is 1.0 g/cm’, then the power requirement for 
He jnowicz’s model is 1.5 uU/ges. This calculation was based 
on the minimal pumping rate, minimal fibril density, and the 
Gibbs free energy change. The resultant number is over three 
orders of magnitude greater than the observed basal energy 
rate within rabbit nerve. 
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the basal metabolism of nerves. Since the energy required 
for maintenance of the ionic gradients in Hejnowicz’s model 
is so much greater than measured basal energy requirements 
of nerves, Hejnowicz’s model is not feasible. 

Axonal transport is a complicated process, with many 
diverse features. Each model presented in this section can 
explain some of these features, but fails to explain all 
aspectsaore transport: Ltaasi not dif ficiwilds tol create an 
abstract model explaining one aspect of transport very well. 
Problems arise when that model is applied to the whole 
process. Model construction should be based closely on 


experimentation rather than on abstraction. 


1.7 Summary 


transport was 


In this chapter the subject of axonal 
examined. A general classification for transport was 
introduced and the major methods for studying transport were 
noted. 

Several agents, Known to inhibit fast axonal transport, 
were discussed. The mechanisms of action of some of these 
agents suggested a dependence of transport on microtubules. 
This dependence on microtubules, however, remains 
controversial. 

The motion of optically detectable organelles was 
discussed. This motion has been described as saltatory, 


however, recent studies have indicated that this term is 
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inadequate. Organelles within certain axons move smoothly 
rather than with discontinuous jumps. Also it was noted that 
optically detectable motion is inhibited by the same 
blockers that affect the transport of radiolabels. 

Fast axonal transport and transport of intraaxonal 
organelles are one and the same. This conclusion is based on 
the following points: 

1. studies with cell fractionation showed a large 
particulate component of transported material, 
2. biochemical analysis showed an association between the 


material transported and membrane components, 


LoD) 


electron microscopy showed an accumulation of organeiles 

near axonal lesions, 

4. optical studies showed movement of organelles within 
axons, and 

5. theoretical considerations showed that particulate 
material may be more effectively transported than 
diffusible material. 

The few specific conditions causing intraaxonal 
organelles to oscillate back and forth about fixed positions 
were discussed. Either metabolic mechanisms or Brownian 
forces are responsible for these oscillations. 

Intraaxonal structure was reviewed. In particular, the 
influence of structure on axoplasmic viscosity, and Brownian 
motion was discussed. 

Finally, the major postulated mechanisms for fast 


axonal transport were discussed and criticized. None of 
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these mechanisms was entirely satisfactory in explaining 
axonal transport. 

In the remaining chapters, the nature of the 
oscillatory motion of intraaxonal organelles is studied. 
First, the experimental methods used in this study are 
detailed, followed by the experimental results and 


conclusions. 
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2. METHODS 

In this chapter, the experimental procedures used in 
this study are described. Two different sets of experiments 
were performed: 

1. experiments dealing with the effects of certain agents 
that are Known to inhibit axonal transport on the motion 
of organelles within axons, and 

2. experiments dealing with the effects of freezing on both 
transport and fine structure of axons. 

The first section of this chapter describes the 
experiments with inhibitors of axonal transport. The 
preparations for dark-field microscopy are detailed. 
Following this, the methods of quantitative measurement are 
given, along with a discussion of measurement error. 

The second section of this chapter deals with the 
freezing experiments. The methods for freezing nerves and 
observing organelle motion are discussed. Also, the method 
of preparing thawed nerve for electron microscopy is 
detailed. 

In the final section of this chapter, the analytical 
methods used in this study are described. First, a 
theoretical discussion on the analysis of random processes 
is given, followed by a description of how these techniques 


were adapted to this study. 
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2.1 General Procedures 


2.1.1 Dark-Field Microscopy 

In the first set of experiments, the motions of 
optically detectable organelles within axons were observed 
after nerves were exposed to agents Known to inhibit axonal 
transport. Adult female Xenopus laevis were chosen as the 
animal model, since organelle transport has been wel] 
studied in this species (Cooper and Smith 1974; Koles et al. 
1982a). The animals were decapitated, pithed, and their 
sciatic nerves were dissected free. 

The isolated sciatic nerves were placed in solutions of 

0.12 M potassium glutamate, and 10 mM HEPES (N-2-hydroxy- 

ethylpiperazine-N’-2 ethanesulfonic acid), in deionized 

water with enough potassium hydroxide added to give a pH of 

7.0. Potassium glutamate was chosen as the predominant 

cons Lituent *oT si hemsolutions tor several reasons: 

1. Some of the experiments allowed access of the external 
Sou Gone LOeceikim interiors. 

2 ee SbanGardeRinoercs = solurironsecontaiteta = 1ons. in 
millimolar concentrations. 

3. There is evidence that Ca*? ions in millimolar 
concentrations will profoundiy alter the imterior 
SenuictiresOtecet!s -POnvemmcuraiy lo /SymnUbinsomeand 
Baker 1979; Schliwa et a]. 1981). 

{meee Galcaun mons) cal -alSOsproroundiy Intivences ine: movement 


of intracellular organelles (Shaw and Newby 1972). 
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5. Solutions containing high potassium glutamate 
concentrations have been used sucessfully with permeable 
cells (Adams et a]. 1982). 

6. Axonal transport is not influenced by potassium 
glutamate solutions (Smith 1980). 

In summary, the solutions used in these experiments were 

chosen to be compatible with the intracellular enviroment. 

Dissection and microscopy were performed with specimens 
immersed in the basic potassium glutamate solution. The 
isolated sciatic nerves were desheathed, teased apart, and 
mounted in Dow-Corning 710 fluid on microscope slides. These 
preparations served as controls, demonstrating uninhibited 
axonal transport. 

In other preparations, nerves were exposed to solutions 
containing different inhibitory agents prior to being 


mounted on microscope slides. These agents were: 


i we emvecon chicane; 

2, 1.3 M dimethylsulfoxide (DMSO), 
3. 1 mM dinitrophenol (DNP), 

Ae Oemiiecarciumech ior ide. 


The inhibitors were all dissolved in the potassium glutamate 
solution previously described. Different incubation periods 
for nerves with each agent were required before any effect 
on organelle transport could be observed. The incubation 
periods ranged from 15 minutes with DNP to four hours with 


colchicine. Over 150 axonal segments in over 60 nerves were 


studied. 
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The preparations with calcium chloride added to the 
basic solution require further explanation. These 
preparations were designed to ensure entry of Ca*? ions into 
nerve cells. Other workers (Chan et a]. 1980) have noted the 
presence of a diffusion barrier to Ca*? ions in perineural 
sheaths. Another barrier, within cell membranes of monkey 
Kidney cells, is Known to prevent the entry of Ca*? ions 
into these cells, unless the cell membranes are 
permeabilized by detergents (Schliwa et a/. 1981). It is 
reasonable to expect a similar barrier against the entry of 
Ca*? ions into axons. Thus crushed or severed areas of axons 
were observed with the expectation that Ca*? ions would 
enter axons at these points more easily. Areas up to several 
hundred micrometers from the axonal lesions were observed 
for any effect on organelle transport. It was assumed that 
Ca*? ions could eventually reach these regions as a result 
of diffusion from crushed regions. The areas observed were 
far enough from the axonal lesions that any local effects of 
these lesions could be assumed not to interfere with 
organelle transport. 

In a different series of experiments, nerves were 
placed in one of two solutions prior to being mounted for 
microscopy. The first solution was 0.18 M potassium 
glutamate and 10 mM HEPES in deionized water with added KOH 
folgivecapH of 7.0/*This®solution was 1o5 times 
hyperosmolar to axoplasm. The second solution was 0.12 M 


potassium glutamate in heavy water. The pD of the heavy 
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water solutions was adjusted to 7.4 using a glass electrode 
(Glasoe and Long 1960). Nerves were incubated in these 
solutions for ten minutes before being examined. 

The preparations were examined with dark-field 
microscopy. A Zeiss Ultradarkfield condenser with a 100x 
planachromatic objective and 1.25 intermediate lens was 
used. Light from a 12 volt quartz iodide lamp was filtered 


of infared rays before reaching the condenser. 


2.1.2 Measurement Technique 

Within the microscope’s field of view, distances were 
calibrated with a ten micrometer grid. Calibration with this 
grid gave a magnification factor of 1.0x104. A fine wire was 
placed in the light path proximal to the eyepiece as a 
positional reference. Permanent records of the motions of 
intraaxonal particles were made with 16 mm 4X B&W (Kodak) 
motion picture film. The motion picture camera was driven at 
three frames per second with a calibrated servomotor. 

Each 16 mm film was projected via a LW Photo-Optical 
Data Analyser onto the ground-glass screen of a 
Hewlett-Packard 9874A digitizer. The positions of 
intraaxonal particles were digitized in frame by frame 
sequence. The movements of individual organelles were thus 
recorded by measurement of their positions at successive 
0.33 second intervals. The data were compiled with a 
Hewlett-Packard 9845B computer and stored in a 


Hewlett-Packard 9845A Flexible Disk Memory. Over 100 sets of 
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data were obtained from over 3x104 separate measurements. 
The measurements of organelle positions were made 
relative to a wire reference or to some motionless and 
well-defined intraaxonal structure. Only those particles 
that remained in focus for significant intervals and that 
had round images, 0.2 to 0.5 micrometers in diameter, were 
tracked. Each particle’s position was estimated from the 


center of its image. 


2.1.3 Measurement Error 
There were several sources of measurement error: 
1. The digitizer had limits to its accuracy. Here, the 
error introduced had a standard deviation of 1x10-3 
micrometers. This was negligible. 


A significant error was introduced by the estimation of 


ND 


each particle’s position from its image. The center of 
each image had to be subjectively estimated. The 
standard deviations of these estimates ranged from 0.1 
to 0.7 micrometers, depending on the size of each 
Datiiceie, [his error was roughly the orden ora 
particle's diameter. 

3. Drift of some preparations on their microscope slides 
was at times excessive. These preparations were excluded 
from measurement. 

4. Vibration from the motion picture projector was 
Svcd GenlOrelimindlemtnic chron a bOSW UiOhdl 


measurements were made relative to the wire reference 
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point recorded on the motion picture film. 

5. As individual particles were tracked, their images could 
change in shape and size and vary in degree of focus. 
Only those particles that had relatively constant images 
were subjected to positional measurement. 

Qwing to the small increments in positions being measured, 

the error from measurement was a significant factor. This 

error was minimized by repeated positional measurements and 
also by specific analytical techniques that are discussed 


later. 


2.2 Freezing Experiments 


2.2.1 Preparations For Light Microscopy 

In the second group of experiments, the effects of 
freezing on both organelle transport and intraaxonal 
structure were observed. Isolated sciatic nerves of Xenopus 
laevis were desheathed and placed for 15 minutes in a 
SGlUmiOie OL. Unies Ni polLassium.g lUlamate es Ue lo NeDN SO eangec 
mM HEPES. The pH was adjusted to 7.0 with KOH. We used this 
solution because of anticipated changes in cell permeability 
after thawing (Daw et a/. 1973). The DMSO was added as a 
EEvOorOtec taht. | MenZal C/o) dat hesCOncen UrabiOnsSmUSeC mat 
WasSenoLt expected to inhibit axomal transport | DonGsoe et ai. 
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After treatment in the glutamate-DMSO solutions, nerves 
were frozen in liquid nitrogen. In less than fifteen seconds 
the nerves were cooled down to liquid nitrogen temperatures. 
These nerves were then rapidly thawed in either a 
glutamate-DMSO solution or in a similar solution with 10 mM 
colchicine added. The solutions used for thawing nerves were 
kept at 21°C. When thawed, the nerves were teased apart and 
mounted on microscope slides in their respective solutions. 

Dark-field microscopy was used to examine movements of 
intraaxonal organelles within thawed nerve. Film records of 
these movements were made, and measurements of their 


positions were obtained, as was previously described. 


2.2.2 Preparations For Electron Microscopy 

Nerves were similarly prepared for electron microscopy 
in a glutamate-DMSO solution prior to being frozen. The 
nerves were thawed in either a glutamate-DMSO solution or in 
a similar solution with 10 mM colchicine added. After 
specific time intervais from thawing, the nerves were fixed 
in 3% glutaraldehyde with 0.05 M cacodylate and 0.13 M DMSO. 
Segments from the middle of each specimen were treated with 
2% buffered osmium tetroxide prior to being dehydrated and 
embedded in Epon. Transverse sections of each nerve were 
obtained. The sections were stained with lead citrate and 
uranyl acetate. A Siemens transmission electron microscope 


was used to examine the specimens. 
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The numbers of microtubules and neurofilaments per unit 
area Of nerve were counted from photographs (Hammond and 
Smith 1977). Nerves that had not been frozen were similarly 


prepared for electron microscopy as a control. 


2.3 Analytical Methods 


2.3.1 Analysis Of Random Processes 

The movement of intraaxonal organelles is complicated 
and likely has a significant random component. In order to 
analyse the motion of individual organeiles, certain 
averaging methods were required to deal with any random 
component of motion and with the measurement error. Let x(t) 
be a continuous random function of t. Define a probability 
Cisitis| DUT Ole biG) heSOu thats. x) GXu | Satnerpropaba jitvnon 
mesa VS LV nex = exuG as eet NOXe ei he aathamonentmo aathe 


distribution can thus be defined (McQuarrie 1976): 


If the probability distribution does not change over the 


period of time, 27, that x(t) is examined, then the moments 


oe 


can be calculated via time averages: 


(eb Pa) 


The first and second moments are the mean value and mean 
squared value, respectively. The standard deviation, o, and 


variance, o%, of the process are given by: 


; 
o2 = if Cate = Gore woke ere). 
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The data can be further studied using Fourier analysis. 


The Fourier transform is defined: 
Gtieih tyes deel: f Sbigsk Mop qerl 7 E2 eenrielh tehes 
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Here X(f) and x(t) are Fourier transforms of each other. The 
first function is in the frequency domain, f; the second is 
in the time domain, t. The Fourier transform is complex, 
that is, it involves imaginary numbers. Here, Jj denotes the 


square root of minus one. The usefulness of the Fourier 
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transform becomes apparent in the following text. 
Wace OUrTLEr ahalVSiS alte SeDOSS 1D lemtoucalculatesthe 


normalized power spectrum, G,(f), for the function x(t): 


Gy (Ff) = |X(F)|2/ f IX(F)|2 dF. 
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For an oscillating function x(t), the power spectrum 
measures the relative intensity of the components of x(t) at 
different frequencies. The resultant power spectrum 
indicates the particular frequencies of oscillation which 
predominate in a given process. 

Given two processes x(t), and y(t), it is possible to 
compare their components at specific frequencies by 
calculating their cross spectral density function. Take the 


Fourier transforms, 
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and then calculate: 
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Here the real and imaginary components are denoted by the 
prefix Re and Im, respectively. The cross spectral density 


has a magnitude, 


IGxy(F ) | ee ee ace 
ono 


and phase, 


Oxy(f) = Arctan [B/A]. 
(oe 


These calculations allow the frequencies shared by both x(t) 
and y(t}, along with their phase relationsnip, to be 
determined. The result vs that it both x(t)™and yit) have 
large components of oscillation at a specific frequency, 
then the cross spectral density will show a large intensity 
at that frequency. If, at that particular frequency, both 
x(t) and y(t) are oscillating in phase with each other, then 
the phase shift will be zero there. 

Further information regarding a process can be obtained 
by calculating its spectral moments (Vanmarke 1977). These 


moments, (%S, are defined by: 
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The spectral moments are abstract parameters that describe 
the form of a given power spectrum. They can be combined to 
calculate three other parameters that are useful in 


characterizing power spectra: 


eo ey OS. 
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Here (9) S is the variance of the process; f* is the center 
of spectral mass; f- is the radius of gyration; and 6 is 
the variability of the frequency. The center of sae 
mass is an estimate of the predominant frequency within a 
given process. The spectral parameter, §6 , is also quite 
useful. For a sinusoidal process § = 0, indicating no 
variability of frequency. However, for a random process, 6 
approaches unity. This indicates a high degree of 


variability of the process’s frequency. 


2.3.2 Data Management 

Analysis of data followed the methods of Koles ef ai. 
(1982b). For each particle, a series of discrete 
measurements in the x-y plane, (Xqg, Yq), were obtained at 
intervals of 0.33 seconds. The x-axis was aligned with the 


longitudinal axis of the axon that was being observed. A 
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line was fitted to the raw data using linear regression. The 


linear trend was then subtracted: 


Mi ee 3 AFF (2.12) 


The slopes, (VxiVy), gave the mean velocity for each 
SEES Wii iS Mek eke | EIS ini lalSeecens. links Aue ciate 
second moments were computed from the trend-free data [Eq. 
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N is the number of data points. Because the linear trends 
were removed, both <x> and <y> were essentially zero. The 


standard deviations for each sequence were: 


Oy = (<x2>N/(N-1)) 122, 


Oy= (<y2>N/(N=1)) 172, 
(2.14) 
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Both measurement error and particle movements contributed to 
the standard deviations. 

Pies tagtaneoOuseve |Gcllics amr ay wm One them tnend anes 
data were calculated using a 21-term differentiating filter 


(Koles et a]. 1982b): 
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Here At = 0.33 s; the gain factor g = 3044; and the 
SOn mi Cie iS pmo Con mone eC Velen ie ud) Cu cemm a | Smalelcol 
limited differentiation to signals with frequencies below 
0.3 Hz. Frequencies above 0.3 Hz were suppressed from the 
signal. On the basis of previous work (Koles et al]. 1982a), 
the significant oscillations were expected to occur with 
frequencies below 0.3 Hz. 

Next, the first and second moments were calculated from 


the instantaneous velocities: 
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WATTEIS: 


Differentiating Filter Coefficients 
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Again, <Vy> and <Vy> were negligible, thus the standard 


deviations of instantaneous velocity were: 


Oxs= (<Vy2>N/(N-1) 172, 


Oy= (Vy 2>N/(N-1) 172, 


These standard deviations measured the variability of the 
trend-free instantaneous velocities. 

The probability density functions for the instantaneous 
velocities were also calculated (Bendat and Piersol 1971). 
This was accomplished with a digital sorting program that 


evaluated: 
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piv) = N,//(2N Av), 


for the N points in the sequences (x'y ) and (yg ). Here Ny 
is the number of points with velocities in the interval 
v +t Av. When this distribution was shifted along the velocity 


axis by an amount equal to the mean velocity, v, then 


Dive a= UVa ave 
(2.19) 


the overall velocity distribution resulted. 

Periodograms for the trend-free positional deviations 
were calculated (Tretter 1976). A rectangular data window 
was used. Each sequence was packed with zeros to 512, 1024, 
or 2048 points and then a Fast Fourier Transform (FFT; 


Tretter 1976) was performed: 
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The resultant periodogram was an estimate for the power 
spectral density (Bendat and Piersol 1971). The periodogram 


was calculated using: 


elie) aia, BAe. 
e " (2.21) 
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A typical periodogram could be represented by a graph 
showing a number of peaks at various frequencies. Each peak 
would then represent an oscillatory component that was 
limited to a specific frequency. If, instead, there were no 
Significant oscillatory components in a process, then the 
corresponding periodogram would show only an even 
distribution of narrow peaks of random heights over the 
entire range of frequency. This latter periodogram would 
indicate noise. 

It is useful to estimate the probability of the largest 
peaks of a periodogram arising as a fluctuation of noise. 
For this purpose, Fisher’s test of significance for harmonic 
analysis was used (Shimshoni 1971). This test could be 
applied to the normalized periodograms, and by comparing the 
amplitudes of the larger peaks to values within a table, 
this probability could be estimated. 

Cross periodograms between the sequences (x,) and (yp) 


were calculated: 
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The moments of periodograms were also estimated 
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(Vanmarke 1977): 
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These moments were then used to calculate the following 


parameters: 
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These quantities were the spectral parameters defined in &q. 
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3. RESULTS: ORGANELLE MOVEMENTS AFTER TRANSPORT INHIBITION 

In this chapter, the effects of specific agents on 
organelle transport are described. First, a brief 
description of the observations from the control 
preparations is given. Then the effects of colchicine, DMSO, 
DNP, calcium chloride, hypertonic solutions, and heavy water 
on organelle transport are documented. 

An analysis of the motion of intraaxonal organelles 
follows next. Particular attention is directed to those 
motions not found in the control preparations. The 
analytical methods are used to their full extent. 
Periodograms, phase diagrams, instantaneous velocity, 
probability distributions, and periodogram moments are 


calculated. 


3.1 Controi Preparations 

The transport of organelles was observed in axons not 
exposed to any inhibitory agents. Generally, organelles 
travelled longitudinally within axons; most organelles moved 
in a retrograde direction. These organelles had round 
profiles, and varied from 0.2 to 0.5 micrometers in 
diameter. Also occasional rod-shaped organelles (0.3 x 1-8 
micrometers) were observed to move longitudinally over short 
distances. 

The round particles exhibited certain characteristic 


movements. As any individual organelie was transported 
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within an axon, a wavy variation was noted in both position 
and velocity. Figure 3.1 contains data from a typical 
organelle’s movements. Part @ shows the particle’s 
longitudinal displacement within an axon plotted versus 
time— note the undulations. Part Db shows the displacements 
after the least squares trend was subtracted. The 
fluctuations are more apparent in part Db. Part c is a plot 
of the longitudinal component of the particle’s total 
velocity versus time. In this thesis total velocity is 
defined as the sum of the mean velocity [Eq. (2.12)] and the 
instantaneous velocity [Eq. (2.15)]. Note the smooth 
variations in velocity. Part d is the periodogram obtained 
from the data in part b. As Koles and associates (1982a) had 
noted, there was a definite low frequency component to the 
positional fluctuations. Figure 3.1id demonstrates a wide 
peak centered at 0.06 Hz. This peak was significant by 
GshereSmtes Ca Om 0 eee ated omethenprobdo ll duyeonethne 
peak arising as a random perturbation of noise was less than 
0.01. This low frequency variation in displacement and 
velocity was found to be characteristic of particles moving 
within the control axons. The nonzero value for intensity at 
0.0 Hz in Fig. 3.1d resulted from the two micrometer net 
displacement in Fig. 3.1b. 

Several other qualitative features of organelle 
transport were noted in the control axons: 
1. No correlation between the movements of individual 


particles was observed. 
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Figure 3.1 Axonal transport within uninhibited nerve: 

a. Position-time plot of a transporting particle. 5. The 
positional deviations about the linear trend, plotted versus 
Time GMIHesVeloGity- timer plOtuston athe: pak ticle sO ihe 
periodogram for the particle’s movement. 


2. Individual particles travelled with different speeds. 

3. The majority of particles were moving. 

4. If two particles were initially very close together they 
could diverge apart with time. 

The motions of organelles within the control group of 
axons were similar to those observed by Cooper and Smith 
(1974) and Koles et a]. (1982). The preparations used in 
this study were Kept in potassium glutamate solutions, while 
those of other investigators were kept in Ringers solution. 
Thus no noticeable adverse effect of potassium glutamate on 


transport was observed. 


322) Ihe Action, Of Inhibitors 

All of the inhibitory agents used in this study 
affected the transport of organelles. Generally, as the time 
of exposure to the inhibitor increased, fewer particles were 
transported. The particles stopped translating and then 
oscillated back and forth about fixed positions. The effects 
of specific inhibitors on transport are reviewed in the 


following section. 


322,14 Coichicine 

Rapid axonal transport was inhibited within four hours 
of exposure to colchicine. By that time most particles were 
motionless, but some were observed to wobble, and others 


still were translating. All three forms of movement occurred 
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simultaneously in the same region of many axons. 

Several other features of organelle movement were found 
repeatedly within axons treated with colchicine: 

1. The back and forth movement was aligned with the 
longitudinal axes of axons. 

2. The amplitude of wobble varied for different particles, 
but generally it was of the order of a particle 
diameter. 

3. Pairs of oscillating particles, located within two to 
three micrometers of each other, showed no correlation 
in their movements that was visually perceptible. 

4. Similarly, pairs of particles transporting along axons 
showed no correlation in their movements. 

5. The motion of some particles was discontinuous. An 
occasional particle moved over several micrometers, 
abruptly stopped and wobbled, and then resumed 
brah SoGiee « 

One example of the effect of colchicine on a particle's 
movementwis  diven in Fig. 3-2. In Fig. 322a the displacement 
of an organelle is plotted versus time. The organelle had 
three relatively motionless periods during the time of 
observation. Interspersed between the motionless periods 
there were rapid displacements of up to four micrometers, 
occurring at velocities of about 0.4 micrometers per second. 
Within the relatively motionless periods the positional 
measurements were scattered over about 0.3 micrometers. This 


scatter was the result of random measurement error. However, 
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Figure 3.2 Transport of a particle within an axon exposed 
to colchicine: @. Position-time plot. 6. The periodogram 
obtained from the segment of data from 100 to 400 s. 
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a low frequency wobble also was discernible from the random 
scatter. The movements during the period from 100 to 400 
seconds were used to calculate a periodogram. The resultant 
periodogram is shown in Fig. 3.25. Here, there were large 
peaks of oscillatory activity below the frequency of 0.1 Hz. 
The three tallest groups of peaks were ali significant (p < 
0.01), indicating a definite low frequency variation. This 
wobble about fixed positions shall be described by the term 


Stationary in the remaining text. 


3.2.2 Dimethy lsulfoxide 

Dimethylsulfoxide also inhibited transport. Within 
twenty minutes of exposure, particles exhibited stationary 
wobbles. As with the colchicine preparations, translating, 
wobbling, and motionless particles were present within 
regions of individual axons. With time, the proportion of 
motionless particles increased. The behavior of organelles 
within the preparations treated with DMSO was qualitatively 
similar to that within the colchicine preparations. 

Bn examp feeor ya Pamivcless motions iS egiVenwine tig ts... 
Figure 3.3a shows the displacement of the particle plotted 
versus time. The movement of the particle was irregular. 
There were short jumps interspersed with partial reversals 
in direction. The particle eventually became stationary. 
However, this stationary period (from 170 to 300 s) 
contained a low frequency fluctuation. The data from this 


later segment were processed into a periodogram (Fig 3.30). 
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Figure 3.3 Transport of a particle within an axon exposed to 
DMSO: a. Position-time plot. 6. The periodogram for the data 
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The fluctuations were most intense below 0.1 Hz. Within this 
region of frequency there were three groups of peaks, all of 
which were significant (p < 0.01). A significant residual 
oscillation persisted after the particle stopped 


translating. 


3.2.3 Dinitrophenol 

Similar longitudinal oscillations occurred in 
preparations which were treated with DNP, as occurred in 
those treated with colchicine or DMSO. Dinitrophenol began 
to inhibit transport within five minutes of exposure. 
Initially, after exposure to DNP, the transport was grossly 
normal, but with time the motion changed. First transport 
was slowed, then the particles wobbled about fixed 
positions, and finally they stopped moving entirely. The 
larger particles generally stopped first. By one hour only a 
few particles were translating— most were wobbling. After 
1.5 hours even the oscillatory motion ceased. 

A few particles moved longitudinally back and forth 
over large distances with no net displacement. The amplitude 
of these movements approached seven micrometers. Figure 3.4 
shows the displacement of such a particle plotted versus 
time. However, most of the oscillating particles moved over 
smaller distances as was observed in the previous two 


preparations. 
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3.2.4 Calcium Chloride 

Calcium chloride affected organelle transport only in 
damaged or severed axons. Initially, in these axons, 
transport was grossly normal. With time, the particles began 
to oscillate about stationary positions. These movements 
first occurred in the immediate locality of damage to axonal 
walis. At later time periods, the regions of axons 
containing oscillating particles spread away from the areas 
of damage. Eventually, oscillations could be observed up to 
100 micrometers away from a given axonal lesion. Those 
axons, without any lesions, remained unaffected by the 
calcium chloride. 

The oscillatory movements of particles were generally 
similar to those observed in the three types of preparations 
described above. However, oscillations over relatively large 
amplitudes also occurred. Figure 3.5a shows the 
displacements of a particle moving back and forth over 
relatively large distances. This particle oscillated rapidly 
over distances of up to seven micrometers. These 
oscillations appeared random. Figure 3.595 is a periodogram 
Galculated from Fig. 3.5a. The largest peak in the 
periodogram corresponded to a fluctuation with a period of 
67 seconds. Since the period of observation was only 180 
seconds, the permanence of the largest peak cannot be 
estab lishedesby Fisher s test ,eine Six !angests peaks sinetne 


periodogram were all significant (p < 0.01). 
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Figure 3.5 Large amplitude oscillations induced by calcium 
Chor idessee Posttion-timesplote 0.) Periodegram form the 
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3.2.5 Hypertonic Solutions 

Organelle transport within axons treated with 0.18 M 
potassium glutamate was affected within ten minutes of 
exposure. The hypertonic solutions affected transport 
similarly to the agents described above. Translating 
particles, wobbling, particles, and motionless particles 
were all present simultaneously within axons. With longer 
exposure periods, the proportion of moving particles 
decreased. 

Figure 3.6 shows data obtained from a translating 
particle in a hypertonic preparation. While stationary 
particles were observed in the preparations treated with 
hypertonic solutions, data from a translating particle were 
chosen for Fig. 3.6. This was done to compare the 
translation of a particle in a partially inhibited 
DrReparavuionera those in the control preparations. Part va of 
this figure shows displacement plotted against time. fhe 
characteristic undulating motion was present. There was no 
qualitative difference between the motion of this organelle 
and the motions of particles in the control preparations 
Vag easo ta) .sihesperiodogram for thesdatdam ine 719. «35 cas 
Gi vena wma sO WANIOSt OT sthesOSol ld GlOnSmOCCUnTedaat. 
about 0.05 Hz. The three largest peaks occurred at about 
GRU SmetomOmiatz, sihey wererallmsionit 1calvie oe s040 1)euetine 
particle tracked in Fig. 3.6 had transport that was 
indistinguishable from particles in the control 


preparations. However, impaired motion also occurred in the 
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hypertonic preparations. 


3.2.6 Heavy Water 

Heavy water inhibited axonal transport within five 
minutes of its application to nerves. The transporting 
particles moved more slowly than in the control 
preparations, and oscillatory motion also developed. The 
oscillations were grossly similar to those in previous 
experiments. As time progressed more disruption of transport 
occurred. These changes were more severe than could be 
attributed to the slightly increased viscosity of heavy 
water relative to that of water. 

The displacement of an oscillating particle in heavy 
water is plotted in Fig. 3.7a, and its corresponding 
periodogram is given in Fig. 3.76. The four largest peaks, 
within this periodogram, were significant (p < 0.01). 
However, the largest peak at 0.015 Hz had a period of 66 
seconds. [his particular component could have been a 
transient process; thus its significance must be cautiously 
interpreted. The major point here is, however, that 
significant oscillatory components were present in the 
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Figure 3.7 Wobbling of a particle exposed to heavy water: 
@. Position-time plot. Db. The corresponding per iodogram. 
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3.3 Detailed Analysis Of Results 

The oscillatory motions of organellles within axons 
treated with colchicine, DMSO, DNP, hypertonic potassium 
glutamate, and heavy water were similar. Despite the 
different agents used to inhibit transport, the resultant 
motion seemed to share common characteristics. In order to 
further test this hypothesis, the data were analysed using 
the more sophisticated methods detailed in chapter two. The 
results of this detailed analysis follow. Other features of 
the motion of organelles were also revealed by these 


analyses. 


3.3.1 Periodogram Evolution 

Because of the difficulty with tracking particles for 
long periods, it was difficult to quantitate how constant 
the low frequency processes were. One pair of particles ina 
nerve treated with colchicine was tracked for 500 seconds as 
the particles wobbled. Figure 3.8 demonstrates periodograms 
calculated from five successive segments of this data. Each 
segment was 100 seconds long. They are placed in order of 
increasing time— from the bottom to top of Fig. 3.8. There 
was a persistent component of oscillation below 0.05 Hz, 
although the form of each tracing changed, and transient 
peaks emerged. These results indicated an apparently random 
oscillation that generally occurred below 0.1 Hz. While the 
oscillations behaved as random perturbations, they occurred 


over a relatively narrow range of frequency. 
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Figure 3.8 Evolution of a periodogram with time. Each 

per iodogram was calculated from successive 100 s segments of 
data from a pair of particles. The five segments are placed 

from bottom to top, in sequential order, as time increases. 
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3.3.2 Phase Diagrams 

Phase diagrams were constructed by plotting total 
velocity of a particle versus the particle’s position within 
its axon. Figure 3.9 is the phase diagram for the particle 
treated with colchicine that was tracked in Fig 3.2. The 
particle oscillated within different regions of its axon for 
variable time periods and then jumped to new positions. The 
jumps occurred unexpectedly, and generally had higher 
velocities than when the particle was oscillating. 

Another phase diagram of a particle oscillating about a 
fixed position is shown in Fig. 3.10. This particle was from 
a preparation exposed to DNP. The phase diagram here 
contained a self-intersecting two dimensional curve. This 
curve meandered over its phase plane with no apparent 
pattern. No stable equilibrium points developed. The 
oscillations diagramed in Fig. 3.10 had apparently random 


and nonlinear properties. 


2 oma SOLTOD1C=MO mon 

All of the organelles that wobbled about fixed 
positions had the major component of their motion aliagned 
Withetnew!Ond1tudind! =axis Or (theirs axons a ihise eriteer 
occurred in all preparations regardless of the inhibitor 
used. Similarly, translating particles had a superimposed 
wobble that was aligned with the longitudinal axis. In order 
to study this alignment further, the standard deviations of 


the trend-free displacements were calculated. The xX and 
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Figure 3.10 Phase Diagram: Oscillating Particle 
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y-components of these standard deviations were plotted 
against each other for each individual particle. Data from 
all of the preparations were used. Both translating 
particles and those wobbling about fixed positions were 
included in these calculations. Figure 3.11 gives the 
results; each point represents a single axonal particle. The 
standard deviation was a convenient measure of the amplitude 
of wobble along the x and y-axes. A continuous distribution 
of points, extending over two orders of magnitude of 
displacement, resulted. There was no separation of 
translating particles from stationary particles. Neither was 
there any separation on the basis of the specific inhibitor 
used. These results suggested that oscillations were part of 
one general process. 

Figure 3.11 also emphasized the anisotropy of the 
wobble. The standard deviations along the x-axis were 
greater than the y-component. Thus the oscillations appeared 
to be aligned with the general direction of transport. 

The y-axis oscillations were a significant component of 
motion for some of the particles. Did the y-oscillations 
result from a process independent to the x-oscillations? A 
cross-periodogram was calculated from some typical data. 
ity SaaLSee SHOWS 1 hin Game otter 

The cross-periodogram is a measure of how synchronized 
twossiGiadlSadre sls titiseecases mrhe, OSC | lauions 07 sa 
Dammit cemclong tnesx dnd )y-axesewere, COMDdahecUsto cach otner: 
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Figure 3.11 Graph comparing the magnitude of positional 
oscillations along the transverse axonal (y) axis to those 
occurring along the longitudinal axis. Each point represents 
data obtained from a single particle. Both stationary and 
translating particles were used. The squares indicate 

data from the control preparations. 
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Figure 3.12 Cross periodogram comparing the component of 
motion of a particle along the transverse axis to the 
longitudinal axis: a@. Magnitude. 6. Phase shift. 
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frequency of oscillation at 0.03 Hz. At this frequency the 
two components were separated by a phase lag of only 0.15 pi 
radians. The two processes were essentially in phase with 
each other. 

It is reasonable to conclude that the y-axis 
oscillations were a component of the x-axis process. The 
Vecomonenitmresubicdmtil pdt tatromedit11ClU kt yew? Ul eaileOnigag 
the digitizer’s x-axis with the major axis of motion. Also 
it resulted from perturbations of the major axis of particle 


motion that occurred with time. 


3.3.4 Mean Velocity And Velocity Fluctuations 

Along any axis there were two components of velocity: 
1. the mean velocity, V, calculated from the least squares 

SLODEm LEC ae2 tle and 
Peeeatnemitistaitaneous veloc tyaatX aa, Yom) paca cllla Lederrom 

Lncmpmendarnecemtilucttiat 1OnSm le amie) Ona 
The standard deviations of the instantaneous velocities were 
calculated in order to measure the magnitude of fluctuations 
of velocity [Eq. (2.17)]. The mean velocities were plotted 
versus the standard deviations in Fig. 3.13. Only the 
longitudinal components were used. Each point represented 
one particle. All particles, whether fixed or translating, 
and irrespective of preparation, were included in these 
Calculations. 

The data points were spread over a continuous spectrum 
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Figure 3.13 Graph comparing mean velocity to the magnitude 
of the velocity fluctuations about the mean. Each point 
represents data from one particle.The squares denote 

data from the controls. 
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much lower than the average speed of one micrometer per 
second found for uninhibited particles (Cooper and Smith 
1974: Koles et a]. 1982a). Many particles had no significant 
net velocity. Some of the stationary particles had velocity 
Fluctuations of a size similar to those of translating 
particles. 

TPnesmainerinding from Fig... 3.013 Wass the continuous 
distribution of mean velocities from about 0.0 to 0.8 
micrometers per second. The process of inhibition did not 
separate the data into two groups: one of particles moving 


at a constant speed, the other of stationary particles. 


3.3.5 Probability Distribution For Velocity 

Probability distributions for instantaneous velocities 
were calcuated for particles oscillating about fixed 
positions. Only the longitudinal components of velocity were 
USedesASresuUl tant hrstogram;, tor data trom one partie ler ats 
shown in Fig. 3.14. The velocity distributions were 
essentially unimodal. The distribution for the data in Fig. 
3.14 ranged from about -1i to 1 micrometers per second. These 
data were similar to data obtained from translating 


particles (Koles et a]. 1982a). 


3.3.6 Periodogram Moments 
The periodogram moments for each particle were 
calculated. All particles were analysed irrespective of 


their preparation or motion. The first moment was plotted 
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Figure 3.14 Distribution of instantaneous velocities 
obtained from a particle oscillating about a fixed position. 
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versus the zeroth moment in Fig. 3.15. As mentioned 
previously, the ratio of the first moment to the zeroth 
moment gives the center of spectral mass. The zeroth moment 
is proportional to the variance of its signal. 

The data points were continuously distributed over 
about five orders of magnitude. There was no clear division 
of translating particles from stationary particles. Nor was 
there a division according to the specific treatment. 

The relationship in Fig. 3.15 was approximately linear. 
The slope gave an average value for the center of spectral 
mass. The oscillatory activity was centered on a frequency 
GanigewO te Umiom-m0n 0 2eHz. (SEM): 

Next the spectral parameter 6 was plotted versus the 
zeroth moment (Fig. 3.16). The parameter § is a measure of 
the variability of frequency content for each process. The 
values for § were clustered near 1.0, being more 
concentrated there for the stronger signals. An average 
value for § was 0.84 + 0.01 (SEM). These data demonstrated 
a highly variable frequency content for the oscillations. 

Finally, the standard deviations of the positional 
fluctuations along the longitudinal axis were plotted versus 
tThemcenteCesOnespectral) Mass 40m 1G so. 1/)Peinescentensot 
spectral mass was a crude estimate of the predominant 
frequency within each signal. The major problem with using 
f+ was that for weaker signals, the magnitude of f* was 
increased (Fig. 3.17). For these oscillations the values of 


f+ were larger because of the larger contribution from 
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Figure 3.15 Plot of first periodogram moment versus zeroth 
moment. Each point represents data obtained from one 
particle. The slope of this graph gives an overall frequency 
FOPMOSG I aiLOny Motion OL pam clesedtau scm m0. OU 2mtice boc Nine 
The squares represent data from the controls. 
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measurement error. For stronger signals with standard 
deviations above 3x10°-5 cm, the centers of spectral mass 
were generally about 0.1 Hz. This value of 0.1 Hz was a 
reasonable estimate for the characteristic frequency of the 


positional oscillations. 
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Figure 3.16 Variability of frequency plotted against the 
zeroth moment. Each point represents data obtained from one 
particle. As the magnitude of the zeroth moment increases 
the signal becomes stronger, and the variability approaches 
unity. A frequency variability of unity indicates a highly 
variable signal. The squares represent the controls. Both 
translating’ and stationary particles are represented here. 
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Figure 3.17 Plot of positional fluctuations versus center of 
spectral mass. For the larger fluctuations the center of 
mass is below 0.2 Hz, indicating that the stronger signals 
have a lower frequency. The squares represent the controls. 
Both translating and stationary particles were used here. 
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4. RESULTS: FREEZING EXPERIMENTS 
In this chapter the effects of rapidly freezing and 
thawing axons are described. First the effect on organelle 
transport is detailed, followed by the results of 


morphological studies. 


4.1 Dark-Fielda Microscopy 

Axons, frozen in liquid nitrogen and then rapidly 
thawed, initially showed no evidence of organelle movement. 
After about five minutes from thawing, the particles began 
to wobble along the longitudinal axis. During the next five 
to ten minutes they began to translate. Transport was mainly 
retrograde, but anterograde motion occurred too. After 15 to 
20 minutes from thawing, the proportion of transporting 
particles gradually decreased. At about 45 minutes, motion 
of organelles was rarely detectable. These results were 
easily reproduced. 

The longitudinal displacement of two organelles after 
thawinGets DlOulLed In Fig. 4o1 #eln Pig. 4. asd—previous Ly 
stationary particle moved back and forth, and then was 
transported in the typical undulating manner. The particle 
tracked in Fig. 4.16 initially wobbled back and forth over 
distances of up to four micrometers, then it was transported 
about 14 micrometers, and finally it came to rest. These 
data demonstrated the sequence of recovery after a freezing 


and thawing. Initially motionless particles began to wobble, 
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Figure 4.1 Recovery of transport after thawing: 
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on 


then translated, and finally stopped moving. 

Oscillations over relatively large amplitudes were 
observed within the thawed preparations. The displacement of 
an organelle performing such large oscillations is plotted 
in Fig. 4.2a. These oscillations spanned over six 
micrometers and appeared random. The instantaneous 
velocities corresponding to these data were plotted in Fig. 
4,2D. Note the smoothly varying velocity with respect to 
time. These variations were also apparently random. However, 
a random appearance does not always imply that the 
under lying process is indeed stochastic. This point shall be 
discussed in a later chapter. 

With the addition of 10 mM colchicine to the solutions 
used for thawing, transport never resumed. Only very rarely 
did an occasional particle wobble. When this wobble did 
occur it was transient and it was over distances of less 
that one micrometer. This effect of colchicine was easily 
reproducible. Colchicine prevented the recovery of transport 


after thawing. 


4.2 Morphological Studies 

Could any submicroscopic intraaxonal structures be 
influencing the recovery of transport after thawing? To 
answer this question, electron microscopy was performed on 
Segments of axons fixed» at specific time intervals after 


thawing. 
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Figure 4.2 Large amplitude wobble after thawing: 
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The structure of thawed nerves was generally well 
preserved on electron microscopy. While the mitochondria did 
appear swollen, the endoplasmic reticulum, microfilaments, 
and microtubules individually appeared unaltered. The 
axoplasm appeared more condensed, with an increased density 
of microfilaments and endoplasmic reticulum. Plate 4.1 
demonstrates three transverse sections of thawed nerve. Part 
@ is a low power view of nerve that was thawed and 
immediately fixed; parts D and c are higher power views of 
transverse sections of nerves fixed at 12 minutes after 
thawing. Occasional convolutions and cracks in the axonal 
membrane were evident in parts Db and c. In general, these 
features suggested a slight shrinkage of the axons after 
freezing and thawing. 

Plate 4.2 contains high power views of three transverse 
sections of axons. Part @ was taken from control nerves, not 
treated in liquid nitrogen. Parts Db and C were from frozen 
and thawed nerves that were fixed at 0 and 12 minutes after 
thawing, respectively. Comparison of the three micrographs 
reveals one conspicuous difference between them. In part a 
the numerical density of microtubules was normal. For 
emphasis, the microtubules have been circled in these 
photographs. In part Db the numerical density of microtubules 
was noticibly decreased while in part c the density appeared 
normal. 

To investigate the changes in numerical density of 


microtubules after freezing, these densities were measured 
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Plate 4.1 Electron micrographs of transverse sections of 
myelinated axons which were frozen and thawed as described 
in the text: a@. Low power view of two axons. Their myelin is 
disrupted. The intraaxonal organelles individually are 
grossly normal. 6b. and c. High power views to show abnormal 
folding and possible defects of the axolemma (arrowheads). 
Scale bar: @. 5 micrometers; D. and c. 1 micrometer. Time 
FOVlowing: thawing yaa Olmin 80. andec males patie 


Piate 4.2 High power electron micrographs of transverse 
sections of axons: @. Control axon that was not subjected to 
freezing and thawing. The microtubules have been circled for 
ease of identification. 6D. Axon that was frozen and thawed 
in fixative. The numbers of microtubules are decreased. Cc. 
Axon that was frozen and fixed 12 minutes after thawing. The 
numbers of microtubules have returned to normal. Scale bar: 


1 micrometer. 
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from specimens that were fixed at specific time intervals 
after thawing. These data were compared to the number of 
transporting particles at sequential periods from thawing. 
Figure 4.3a shows the total number of transporting 
particles, within five thawed axons, plotted versus time. A 
ten micrometer segment of each axon was observed. Groups of 
particles were placed in the microscope’s field of view, and 
then observed. During the initial four minutes after 
thawing, no particles were transported. From four to seven 
minutes after thawing the number of transporting particles 
rapidly increased. Thereafter, the groups of particles 
dispersed out of the field of view, and a lower frequency of 
transporting particles resulted. 

In Fig. 4.35 the numerical density of microtubules is 
plotted against the time from thawing. Initially, few 
microtubules were present. Paralleling the increase in 
number of particles being transported, there was an increase 
of microtubule density to control levels. Thereafter, the 
density of microtubules remained constant. The addition of 
colchicine to the soiution used for thawing kept the density 
of microtubules limited to about 40% of control levels. 

ine Big sd. sO the numer ica edensi tysot sinicrotubu Lessa, 
the colchicine preparations is represented by a black 
square. The solid dots are data from preparations that were 
noise exposedetoscolchicines ineser data wene averages, 
obtained from nine to eleven preparations. The error bars 


define one standard deviation above and below each data 
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Figure 4.3 Recovery of transport and microtubules after 
thawing: @. Total number of transporting particles in five 
10 m axonal segments, plotted versus time from thawing. 

Db. Average number density of microtubules within about ten 
preparations, plotted versus time from thawing. The error 
bars represent one standard deviation about each point. The 
dotted lines define one standard deviation about contro] 
levels. The square point is data from preparations treated 


with colchicine. 
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point. The dotted lines represent one standard deviation 
about the control levels. 

In Fig 4.4 the numerical density of neurofilaments is 
plotted versus time from thawing. Again, the dotted lines 
define one standard deviation about the control levels, and 
the error bars represent one standard deviation about each 
point. Each point is an average taken over nine to eleven 
preparations. The neurofilament density remained elevated by 
about 50% above control levels during the period it was 
observed. There was no significant change in neurofilament 
density with time. Nor was there any significant difference 
in neurofilament density in the specimens treated with 
colchicine. These changes were probably caused by axonal] 
shrinkage after freezing and thawing. 

The relative numbers of particles that were 
transporting after 30 minutes appeared to be decreased. As 
previously mentioned, motion of organelles appeared to cease 
after about 45 minutes. However, no structural changes could 
be found within axons that corresponded to the decreased 


numbers of transporting particles. 
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Figure 4.4 Numerical density of neurofilaments plotted 
versus time from thawing. Each point represents an average 
over about 10 preparations. The error bars represent one 
standard deviation about each point. The dotted lines define 
one standard deviation about control levels. 
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5. DISCUSSION 


5.1 Overview 
In this thesis, the subject of axonal transport was 
reviewed. Several general features of transport were 
emphasized: 
1. the classification of axonal transport into fast and 
slow components, 
2. the diverse nature of the material transported, 
3. the different speeds of transport for different 
materials, 
4. the bidirectional nature of fast transport, and 
5. the large particulate component of the material 
transported. 
Methods of observing axonal transport were also discussed 
and, in particular, optical techniques were emphasized. 
Several agents, Known to inhibit axonal transport, were 
reviewed. The postulated mechanisms of action of these 
agents had two interesting implications. First, the action 
of dinitrophenol implied a dependence of fast transport on 
oxidative metabolism. Second, the action of agents such as 
colchicine implied a possible dependence of transport on 
microtubules. This latter aspect was recognized as being 
controversial. 
Next the transport of optically detectable organelles 


was reviewed. This transport of organelles was equated with 
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Fast axonal transport. The motion of individual organelles 
was complicated. Early, more qualitative, observations of 
organelle movements were perceived as being irregular and 
discontinuous— thus the term saltatory was applied to these 
movements. However, with the advent of more sophisticated 
experimental techniques, the motions of organelles were 
found to be uniform. Thus, the term saltatory may no longer 
be applicable to describing the transport of organelles 
within axons. 

Several features of the uninhibited transport of 
organelles within axons were: 
1. the fluctuations in position superimposed on the linear 


displacement of normal transport, 


NO 


the rare complete reversals in net direction of an 
individual particle’ s movement, 

3. the rare occasion when a particle would oscillate back 
and torptheabout asfi1xed* positaontainanonmalvaxons: 
These features perhaps indicated the tendency with which a 

DarticneL cou ldereversesdirectiionaedlve Weions Variable 
periods of time: 

In certain preparations, sustained back and forth 
movements of organelles could be produced. Colchicine and 
foca lacrushing=ofsaxens cousctbothecausemthesesmomions- ihe 
significance of these motions was unknown. It was suggested 
that these motions were due to either active or thermal 


forces. 
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Intraaxonal structure was reviewed. An orderly 
arrangement of submicroscopic and fibrillar elements exists 
within axons. These structures could possibly affect the 
motion of organelles by acting as barriers to movement, by 
altering the local viscosity of axoplasm, or by 
participating in the mechanism of transport. 
Brownian motion within cells was discussed, since this 
was a possible mechanism for oscillatory motion. Within 
cells of higher organisms, Brownian motion has not been 
easily observed. This is because of the increased amount of 
structure within highly developed cells; this restricts the 
motions of organelles and damps out Brownian motion. 
Several postulated mechanisms for axonal transport were 
described and criticized. A general classification was 
introduced: ratchet mechanisms, fluid flow mechanisms, and 
mechanisms dependent on smooth endoplasmic reticulum. None 
of these mechanisms was entirely satisfactory in explaining 
observations of axonal transport. 
In the second chapter, the methods used in this study 
were introduced. This study proceeded along two directions: 
1. the study of organelle transport within axons exposed to 
inhibitory agents, and 

2. the study of organelle motion and fine structural 
changes in axons that had been rapidly frozen and 
thawed. 

A sophisticated means of analysing the motion of organelles 


was also introduced. 
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The aim of this study was to answer the following 
questions concerning the transport of organelles within 
axons: 

1. What are the conditions producing oscillatory motion of 


organelles about fixed positions? 


KO 


What are the characteristics of the oscillatory motion 

of organelles? 

3. What is the action of metabolic blockers on this 
oscillatory motion? 

4. What is the driving force of the oscillatory motion? Is 
it Brownian motion or is it an active process? 

5. Do axonal microtubules have a role in fast axonal 
transport? 

These questions are discussed in detail in the following 

sections. 

Before proceeding with this discussion several 
frequently used terms are defined here. A process is called 
random if it is unpredictable. The opposite of a random 
process is a deterministic process. It is possible to 
predict the behavior of a deterministic process with 
equations. The term oscillatory is used in the general sense 
to describe a process which fluctuates back and forth about 
a mean value. An oscillatory process may be either 
deterministic or random. A periodic process is one which can 
be described by the summation of a finite number of 
sinusoidal terms in an equation. If a process cannot be 


represented by the summation of sinusoids then it is 
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referred to as aperiodic. 


5.2 Conditions Producing Oscillatory Motion 

All of the inhibitors of axonal transport used in this 
study produced oscillatory motion of organelles. As noted by 
previous workers (Hammond and Smith 1977; Horie et al. 
1981), oscillatory motion of organelles about fixed 
positions was produced by colchicine. In addition 
dimethylsulfoxide, dinitrophenol, high calcium ion 
concentrations, hypertonic potassium glutamate, and heavy 
water could all produce oscillatory motion. These motions 
also occurred during the recovery phase of transport within 
axons that had been frozen. 

Since such a wide variety of agents produced 
oscillatory motion of organelles, this motion must be a 
fundamental process. Brownian motion is one possibility. On 
the other hand, the oscillatory motion could be caused by 
metabolically driven forces. This question of whether 
Brownian or active forces caused the oscillatory motion is 


examined in the next section. 


5.3 Brownian Versus Active Forces 

The primary aim of this study was to understand the 
forces causing residual oscillatory motion of intraaxonal 
particles. It is argued here that oscillatory motion is 


caused by metabolic processes rather than by thermal 
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motions. 

Oscillatory motion was a characteristic feature of 
organelle movements. Not only was this motion present in the 
inhibited preparations but it also was pervasive in normal 
transport. The undulatory variation in displacement of 
control particles (Fig. 3.1) was essentially an oscillatory 
motion. Koles and associates (1982a) similarly found low 
frequency perturbations superimposed on the linear 
displacements of transporting particles. The average 
frequencies of both the oscillatory motion when stationary, 
andawhenetranstating: was* aboUUB0t Oe te0PO2BHZe bigy 1eei>) - 
When data from stationary oscillating particles were 
combined with those from translating particles a continuous 
distributionsof dataspointssrestnl ted@( Pigs. cmt, esti. 
3.15, 3.16). On this basis there was no clear separation of 
translating organelles from stationary organelles. Moreover , 
the graph of mean velocity versus velocity fluctuations 
(Fig. 3.13) showed oscillations present at all transport 
velocities. Clearly, the transporting organelles had a 
superimposed oscillatory motion. Inhibitory agents might 
stop arparticier tron translating, \buteatresidual sosetl latory 
motion could®persist: vEiither “Brownian or dctivesrorces .could 
cause these residual motions. 

Dinitrophenol eventually stopped ali particle movement— 
even the residual oscillation. Since DNP is Known to inhibit 
oxidative phosphorylation it could be concluded that the 


residual oscillation depended on oxidative metabolism. The 


fe Splash 7. rwal Fa Oued aewota | dat « 
mt at FGA0 me YT her esas apy 1) (978 aalottreq 
Tae Gabet ehiar een’ enna ra roeete hrs zotgn! 
| igareT we Ao hesoqih aque amgtl eiu seq 
apefeve gal .o@ alles gattacquné<< to 49 
acuttara neve dole ¢ ie! nage WR) ated to eet 
he. 89h sh G0uh -'9) .G Shoes pty pit tat wees? 
vie@ als iiss ¢ on b gall tate swage tat Boke 
Stasi /eo> FF So ora Colla seen mea sacet! *Piw « 
Ae ee a mot cd 

1a KONeRHSs, odio Ay aw Sted ‘wae? oP WADE 
weve) asifanagte yemiis! (@2 4, wey aah Lona o nn a8 
anc’ terion? yMlal a ‘inte Yb play ere Pa pansy 
Hicgenav? (ha te )maging si riol (gap wexgeie 1¢? eu a) 2) 
> ied eel i armes Gre t4esekat) ant!) el ened POURED 
BAGH a iheGa et | bor yor dan criges hal § Pisee v 

Se initiaqan (gitar 4: sme “yn “olen wow ctapiceadaele 
Biuas FeewEt wir fae oo Hel coh HATES, (0 eg Bioee mee 
| | ant bce Titel Se! Gobet Cat 
| SNGEon a aitier bey Eijaapi> vt’ ei linweanl 
Tider ey maith: wt wig P51) OP Rar I a 
of, GAD AAD cat) orca ey penal Not 
GOT heel F308 Few Ai Dpieay ive 


_ oy 3 / 
rPeinis | 7 
1 re ve 


114 


implication here is that active, not Brownian forces, 
produced the oscillatory motion. 

However, this argument is oversimplified. Although DNP 
eventually inhibited the oscillatory motion, this does not 
automatically imply that the residual oscillation depends 
upon oxidative phosphorylation. One way to illustrate the 
Flaw in the preceding argument is with a counterexample: 
Suppose the residual oscillation was driven by Brownian 
forces. With the application of DNP, oxidative metabolism 
within cells was inhibited. As a result, transport ceased 
along with many other functions dependent on oxidative 
metabolism. If the maintenance of intraaxonal structure was 
dependent on oxidative metabolism then structural changes 
could have resulted after exposure to DNP. These structural 
changes could increase the resistance to organelle motion. 
Thus the disappearance of residual oscillation could have 
resulted from structural changes within axons that damped 
out Brownian motion. 

It was thus pertinent to investigate any structural 
changes paralleling changes in organelle motion. The studies 
on frozen and thawed nerves were directed to this end. In 
these studies the return of transport after thawing, 
paralleled the reappearance of microtubules (Fig. 4.3). The 
slow disappearance of all motion after 30 minutes had no 
corresponding morphologic change. The possibility of thermal 
motions being damped out by structural changes was not 


supported by electron microscopy of thawed nerve. 


ips 


In order to consider Brownian motion as a possible 
cause of the oscillatory motion, the quantitative 
observations in this study should be compared to predictions 
from Brownian theory. It is thus necessary to digress with a 
short discussion of Brownian theory. 

The Langevin equation (McQuarrie 1976) defines the 


behavior of a particle in Brownian motion: 
ali) Cohg Ee ube (Ge). 


Here, u is the velocity of the particle, t is time, and A(T) 
is a Gaussian random, fluctuating, acceleration imparted to 
the particle by surrounding molecular motion. The parameter 
A = 67an/m, ere @ and m are the particle’s radius and 
mass, and n is the viscosity of the surrounding medium. 
Equation (5.1) is a stochastic differential equation that 
can be solved for a distribution of displacements (Shea and 


Karnovsky 1966): 
X40 
ee ate. =// exp G27 2) da VBA ero 
-X/0 
where, 
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Here, T is the absolute temperature, and k is Boltzman’s 
constants Ke=" 1238x1062 2 ad/ Kine 
In free Brownian motion a particle’s mean squared 


displacement, <r2>, is proportional to time: 


gi ey Te)Oie 2 


The diffusion coefficient, D, is given by Eq. (1.1). 

The probability for a given displacement occurring by 
means of free Brownian motion is obtained by evaluating the 
integral in Eq. (5.2). Figure 5.1 gives the probabilities of 
different displacements for particles of 0.2 micrometers 
radius during a three second interval. It was assumed that 
the particles were within water at 22°C. For example, in 
three seconds 75% of the particles will have moved jess than 
three micrometers. Conversely, only 25% of particles will 
have moved more than three micrometers. These calculations 
were done for a viscosity of 1x10°~3 Paes. The viscosity 
experienced by axonal particles is probably higher, and thus 
their mobility would be less. 

Brownian particles vibrate in position because of the 
surrounding continual molecular bombardment. The intensity 
of positional vibration, G(f), will depend upon the 
particular frequency, #, of Brownian motion (McQuarrie 
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Figure 5.1 Probability of free Brownian displacements. 
Calculations were for 0.2 micrometer radius particles 
within water after three second intervals. During three 
seconds 75% of particles will have moved less than three 


micrometers. 
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The resujtant power spectrum is plotted in Fig. (5.2). In 
this figure °f is the relaxation frequency for the motion. 


It is given by the equation: 


Of = KT/( 2m mD). 
(5.6) 


For particles of radius 0.2 micrometers and mass of 3x10-14 
Gedtus22.Custhe nelaxation frequency wis)2x%10 Hz. 

Now, could free Brownian motion cause the oscillations 
in position that were superimposed upon the general linear 
trends? Since this oscillatory motion resulted in no net 
movement of the partices, free Brownian motion could not 
cause these oscillations. However, it is useful to compare 
the distances travelled by organelles to predictions from 
Brownian theory. This should indicate whether thermal 
motions could occur over similar distances. 

A particle oscillating about a fixed intraaxona] 
position, or about a linear trend, could be expected to move 
a distance equal to one standard deviation of its 
displacement fluctuation within about one-quarter of its 
cycle. Refer now to the data in Fig. 3.17. The centers of 
spectral mass were generally greater than 0.2 Hz for the 
positional deviations below 3x10~5 cm. This indicated a 


greater influence of noise that shifted the spectral mass to 
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RELATIVE POWER 


FREQUENCY 


Figure 5.2 Theoretical power spectrum for free Brownian 
motion: The frequency °“f is called the relaxation frequency. 
Here relative power is plotted versus relative frequency. 
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the right. For the signals not overly influenced by noise, 
the standard deviations ranged from 3x10-5 to 5x10-4 cm. 
These oscillations occurred with an average period of 
roughly 12 seconds. Thus an organelle could be expected to 
move 0.2 to 5 micrometers in about three seconds. Referring 
to Fig. 5.1, more than 95% of particles could be expected to 
move over 0.2 micrometers in three seconds. However, only 
about 5% could move over five micrometers. While the smaller 
displacements are within the range expected for Brownian 
motion, the larger displacements are much less probable. 
Indeed, the probability of Brownian forces moving a particle 
through one full cycle of motion is even smaller. Free 
Brownian motion was unlikely to occur over similar distances 
as did the larger oscillations. 

Is there evidence that the larger fluctuations are a 
separate process from the smaller ones? The graphs of x 
Versusuy-axiseustandarndedeviations!| biquice ii) rand firse 
versus zeroth moments (Fig. 3.15) showed a continuous 
distribution of points over a wide range of values. There 
was no evidence for the larger fluctuations being a 
different process than the smaller ones. If Brownian motion 
were to explain the residual oscillation it would have to do 
SO MrOrmeda )teamnp bVtudes or oscil Imiahionn 

A further comparison of free Brownian motion to the 
data can be made. Figure 5.2 shows the theoretical power 
spectrum for the positional fluctuations of a free Brownian 


particle. The power shows a significant decrease at the 


ar 


ost 


a 


“\eeton ne ee UO vinev o 


“el 


rig HUIKE cot 4-01Kd MOTD tome pabhet : vebnsda 


Mb Hy 


wee ou et 1G! iyo s me 


srest? | ; eo 


as 
ab 


BSF iho 2? "eve f Gf it ivi wevide ; ia i 38D ot 
° a 


a ere 

1 Pres ic) al (aAae “cls suit ata s i dguc 
,ghrroves eed Svaces i. 3" #4 apes’ veubae 2 2 eo 2.0 avew 
a Ad -tlG ‘Atiy *OCRGF emyt? eso ’,4.8 et 5" 

ha Mie SCs = 

. > cy Pa im Aen “our 
Apa’ =jeig Palo oh rr? 2° Jeera ir °.8 rmavo > ll 
atic weno sv)! eave ever DiU0d SE abu 

; 

} rs 7 ‘<4 ae a ' one) irs 1 dip ora 2 devi “ad al teh 
Cea moeiqeth etal erg. _ 1h da 


oO Ci TIN Geog ail? Joset 


] 


' i est) + 4 ra 4 ‘bere ‘ona! Py eu 


. 
- i 
7 a. 


nmr 5 i » Ff } vl Ohi 40 | a”@ H] oe cr re Tea .? 


eAdital li ges wanret edt i tb 


l, 


inion agora |S! 9 a ‘/“ Hotes! abel 
. ) 
vy 4a Cris hing wove ofa) on A 
yf ; ty ree) i ' } { > Al ] iv 
i 
- 
ah # ee) an ee af #8808 
_ 
1 a ; - 
(wy “ay } cothat' eee " 
F 1 
7 — - 
ba 


. 5 


ii | Ape ORE T 


an th 


12a 


relaxation frequency. For typical intraaxonal particles, the 
relaxation frequency was estimated to be about 2x107 Hz. 
However, the frequencies of organelle oscillations occurred 
generally below 0.2 Hz, and thus the periodograms calculated 
From the data did not resemble the prediction for free 

BROWN Tal emo UlOm a 1 gSici dears vO a toe oD amon ho) ames icr 

The predicted displacements and predicted power 
spectrum for free Brownian motion did not fit the 
experimental observations. Also, the anisotropy of 
oscillations could not be caused by free Brownian motion. 
The data given in Fig. 3.11 demonstrated a significantly 
larger component of oscillation along the x-axis than the 
y-axis. These data implied a spatial constraint on particle 
motion. While free Brownian motion, by definition, cannot 
have any constraints, there remain other thermally driven 
and constrained systems to be considered. One such 
constrained system is Brownian motion within small tubules 
(Brenner and Gaydos 1977). 

In order to consider constrained thermal motion, it is 
necessary to digress from the present arguments and discuss 
some theoretical aspects of constrained motion. An idealized 
constrained system can be considered to have an input 
driving force, y(t), causing an output motion, x(t) (Bendat 
andariersol 19). @in thi sediscussiom ethivws system its 


assumed to be linear, as a first approximation. The relation 
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between input and output is: 


x(t) = ff eige® Dy se eo 1 epee 
=o (sete) 
where h(t’) is the weighting function. Expressed in 
convolution algebra, the equation becomes: 
IMOp eek eah ae Veer 
bons 


H(f) is the frequency response function. This response 
function determines the range of frequencies of input that 
can produce an output. With a narrow frequency response, the 
output will also.have a narrow frequency range— even with a 
wide range of input frequencies. The frequency response 
function is determined by the mechanical properties of the 
system. 

For a system driven by thermal forces, the input is a 
broad band process, extending out to the relaxation 
frequencies of the surrounding molecules. In the case of 
intraaxonal particles, most of the driving force could be 
expected to come from water molecules. Using Eq. (5.6), the 
relaxation frequency for water is approximately 2x10'% Hz. 
Now the observed fluctuations of organelles had frequencies 
of about 0.1 Hz. In order for vibrations of water molecules 


to drive the organelle motions there must be some internal 


axonal structure that damps out frequencies above the 
observed range. The frequency response of the system must 
therefore be relatively narrow. 

It is unlikely that Brownian motion within tubules 
would possess such a narrow frequency response function 
without the addition of forces that could restrict, the 
longitudinal movements of the particles within these 
tubules. A stronger interaction between organelles and 
internal axonal structures seems necessary. Such an 
interaction would result if organelles were bound by elastic 
forces to some internal axonal structure. 

The application of a linear restoring force to a 
Brownian particle causes harmonic oscillations of the 
particle fenencnneennan 1943). The equation of motion [Eq. 


(5.1)] becomes: 


dU/ dGe=n oN Ul te ACT Saw Olxe 


Here, w is the oscillator’ s undamped natural frequency. The 


observed frequency of the oscillator is: 
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defines the resulting motion. If g is real, then the motion 
is overdamped; if imaginary, the motion is periodic; and if 
zero, the motion is aperiodic. 

Chandrasekhar calculated the mean and mean squared 
values for the displacement and velocity of a harmonically 


bound Brownian particle: 
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These calculations are averages, taken over large time 
intervals. 
The power spectrum for a harmonically bound Brownian 


particle is (Wang and Uhlenbeck 1945): 
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frequencies of the oscillator. This theoretical spectrum 
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Figure 5.3 Power Spectrum For Harmonically Bound Brownian 


Motion 
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qualitatively resembles some of the observations (Figs. 
Cr Geom OD eeeo y Oca ay ce 

A better comparison of organelle motion with 
predictions of harmonically bound Brownian motion results if 
Chandrasekhar’s formulae are used [Eq. (5.12)]. Using these 
Formulae, and assuming that the particles are of radius 0.2 
MicrometenS amass 3x 10='4"qeawitheOsciida wlOnsSeOtll s2unzeLn 
water at 294°K gives the predictions outlined in Table 5.1. 
These predictions are not compatible with the observed 
motion. It is improbable that any form of Brownian motion 
could explain the oscillations of organelles. 

Passive thermal forces are unlikely to cause the 
oscillations. An active, metabolically driven, force is more 
plausible. This force presumably also acts on translating 
particles. Transport inhibitors eliminate the translating 


component leaving a residual oscillation. 


5.4 Involvement Of Microtubules In Axonal Transport 

Whether axonal transport requires intact microtubules 
remains controversial (Grafstein and Forman 1980). Because 
of the small size of the system being investigated the 
arguments for and against involvement have necessarily been 
indirect. In this study more indirect evidence associating 
axonal transport with microtubules is presented. 

In the experiments with rapidly frozen and thawed 


nerve, initially transport was completely inhibited. After a 
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lag period of about five minutes from thawing, the 
organelles resumed transport. Concurrent with this, there 
was a reappearance of microtubules on transverse sections of 
axons (Plate 4.2). When these processes were closely 
compared, the recovery of axona!] transport was found to 
parallel the reappearance of microtubules within axons (Fig. 
4.3). In addition, colchicine prevented the recovery of 
transport and allowed only decreased numbers of microtubules 
to reappear. 

These data were interpreted as follows: Freezing and 
thawing caused a rapid depolymerization of microtubules 
within axons. The microtubules disassociated into tubulin 
dimers. Rapid axonal transport, depending in some way on 


intact microtubules, was inhibited. Over the first ten 
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minutes after thawing the tubulin dimers were reassembled 
into microtubules. A threshold density of microtubules was 
reached, and axonal transport resumed. At first, transport 
was disjointed, occurring only over short intervals. With 
further repolymerization, larger segments of microtubules 
became available for transport. The motion then resembled 
normal transport. 

Colchicine added to the thawing solutions bound the 
tubulin dimers; this inhibited any further reassembly of 
microtubules (Margolis and Wilson 1981). Without sufficient 
microtubules, axonal transport remained inhibited. 

The reappearance of microtubules is explained by 
repolymerization of microtubules within ten minutes from 
thawing. Is this supported by the Known behavior of 
microtubules? Depolymerization of microtubules within toad 
sciatic nerves has been observed at 2°C. This was followed 
by repolymerization after rewarming to 25°C 
(Rodriguez-Echandia and Piezzi 1968). Similar evidence for 
in vivo repolymerization of microtubules within 
Act inosphaerium nucleofilum was found to occur within four 
minutes of rewarming the specimen (Tilney and Porter 1967). 
Also, rates for tubulin formation and destruction have been 
measured at 50 micrometers per hour (Margolis and Wilson 
1981). It is reasonable to conclude that microtubules could 
repolymerize within ten minutes of thawing. 

Another interesting finding was that colchicine totally 


inhibited transport within ten minutes of its application to 
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thawing nerve. Yet, when applied to nonfrozen nerves, 
colchicine required one to four hours to produce partial 
inhibition (Hammond and Smith 1977). This discrepancy might 
be explained by one of two mechanisms: 
1. Colchicine has a more rapid action with free tubulin 
than with intact microtubules. 
2. Celi permeability to colchicine is increased after 
thawing. 
The first mechanism is reasonable. Colchicine inhibits 
microtubule assembly by successively binding free tubulin 
followed by the binding of this tubulin-colchicine complex 
to the ends of microtubules (Margolis and Wilson 1981). 
Thus, if the microtubules are already depolymerized, this 
reaction should proceed more quickly. There is also evidence 
for increased permeability of ceil membranes after freezing 
and thawing (Daw et a]. 1973; Wellman and Pendyla 1979). 
Indeed, the convolutions and clefts observed on the axonal 
cell membranes after thawing, indicated damage that could 
possibly have allowed entry of larger molecules into axons 
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5.5 Characteristics Of Organelle Transport 

In this study the motion of organelles within axons was 
analysed using sophisticated quantitative techniques. The 
results obtained revealed certain basic features of 


organelle movement. A closer examination of these features 
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might allow a better understanding of the mechanisms behind 
organelle movement. 

In this section several properties of organelle 
transport are examined: 

i = themoscieilator yemotionr 

2. the anisotopic motion, 

3. the fluctuations in velocity, and 

4. the velocity distributions. 

Each of these properties has possible implications 
concerning the mechanism of transport. 

Next, the stochastic nature of organelle movements is 
discussed. Several questions are considered: Does the random 
appearance of the motion imply a mechanism with random 
features? Could an underlying deterministic process be 
responsibiie for the apparently random motion of organelles? 
Could such a complicated behavior of particles occur in a 
fluid flow modei? These questions are discussed in the 
context of the experimental observations. 

Finally, the abrupt changes in motion of some particles 
are discussed. Possible explanations for this behavior are 


examined. 


5.5.1 Oscillatory Motion 

An oscillatory component of motion was superimposed on 
the movement of all particles. Both translating particles 
and stationary particles exhibited this motion. No 


difference could be found between the oscillatory motion of 
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translating particles and that of stationary particles. 
Indeed, these two processes were probably the same. Agents 
that inhibited axonal transport destroyed the translatory 
component leaving a residual oscillation. The oscillatory 
motion was pervasive in organelle transport. No moving 
organelles were observed without it. Moreover, oscillations 
were the last component of motion to disappear when 
transport was inhibited. It is possible that oscillatory 
motion is a necessary and fundamental component of 
transport. Since thermal motion could not cause these 
oscillations, they must result from a metabolic process. The 
oscillatory motion probably is a result of an underlying 
mechanochemical mechanism. 

One further aspect of the oscillatory motion should be 
discussed. Was there any evidence that these oscillations 
were saltatory? Rebhun’s (1972) definition of saltatory 
motion required that particles exhibit intermittent jumps of 
several microns at velocities of several micrometers per 
second. The velocity of particles undergoing saltatory 
motion must be discontinuous. While occasional abrupt 
movements of particles were observed, on the average, the 
observed movements were smooth. By smooth, it is meant that 
low frequency (<0.2 Hz) components of motion predominated. 
Abrupt motions would be indicated by by the presence of high 
frequency components. No such high frequency oscillations 


were discernible— within the limits of experimental 


accuracy. 
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There are precedents for oscillatory motion in other 
biological systems. Flagella, cilia (Brokaw 1975), and 
insect flight muscie (Jewel and Ruegg 1966) have oscillatory 
mechanisms. The mechanism for oscillations within neurons 
remains unKnown. The oscillations of cilia are thought to 
result from interactions between microtubules that are 
contained within them. It may be that intraaxonal 
microtubules induce oscillatory movements of particles 


through a related mechanism. 


5.5.2 Anisotropic Motion 
Organelle movement had two anisotropic features: 
1. The transport of organelles occurred longitudinally. 
2. The oscillations of organelles were directed 
longitudinally. 
Guiding tracks or channels could account for the 
longitudinal direction of transport (Leestma 1976). It is 
possible that similar structures could constrain 


ascmitauions to Vongrtudinal directaons. 


5.5.3 Velocity Fiuctuations 

With the fluctuations in position of transporting 
particles, there corresponded fluctuations in velocity. 
Since the movement of organelles occurred with low Reynolds 
numbers, each organelle’s velocity was directly related to 
ThesnelLerOorce: OCLING On tan IUCTUAtING.Veloci Lye nodcated 
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in driving force could have caused these fluctuations in 
velocity (Koles et al]. 1982a). 

Similar fluctuations in velocity occurred with 
particles moving about fixed positions. The drag experienced 
by such a particle is directly proportional to its velocity 
[Eq. (1.4)]. Since the particles that moved about fixed 
positions had no net velocity, they experienced no net drag. 
Thus, their back and forth motion could not result from 
fluctuations in drag. It seems more likely that a 
fluctuating driving force could be responsible. 

The oscillations of both translating and stationary 
particles possibly resulted from the same process. Now, if a 
fluctuating driving force caused stationary particles to 
move back and forth then this could cause fluctuations of 


transporting particles too. 


5.5.4 Velocity Distributions 

The distribution of instantaneous velocity for 
organelles that moved back and forth about fixed positions 
was unimodal (Fig. 3.14). Translating particles also have 
unimodal distributions (Koles et a]. 1982a). Goldberg and 
associates (1978) proposed a theory in which organelles 
alternated between moving and nonmoving states. Their theory 
predicted a bimodal distribution of velocity. In the present 


study, there was no evidence to support this theory. 
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5.5.5 Complicated Nature Of Particle Movements 
The motion of individual organelles within axons had 
several characteristic features: 

1. Each particle moved independently of its neighbours. 

2. Particles within one micrometer of each other took 
divergent paths. 

3. The motion of individual particles was punctuated by 
unpredictable changes in speed and direction. 

4. The oscillatory motion of individual particles varied in 
amplitude and frequency in an apparently random manner, 
although these variations occurred within narrow bounds. 

5. Particles that were oscillating about fixed positions 
could unexpectedly start transporting and vice versa. 

Three possible hypotheses for these rather complex motions 

are discussed here. 

First, the motion might result from a periodic process 

with a superimposed random noise (Bendat and Piersol 1971). 

Basically, some deterministic mechanochemical process could 

drive particles while the added noise could result from 

random perturbations introduced by neighbouring 
intracellular processes. Is this hypothesis of organelle 
movement supported by the experimental data? The theoretical 
power spectrum for this hypothetical process would consist 
of a discrete delta function with a surrounding smooth and 
broad spectrum. In this study the periodograms obtained 
showed large peaks generally below about 0.1 Hz. Within the 


limits of experimental accuracy, a discrete delta function 
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cannot be ruled out. This sort of process is one of several 
that could be considered. 

Second, the motion may result from a narrow band random 
process. Here, the motion of an individual particle would be 
random. However, these oscillations would be restricted to a 
narrow band of frequencies. This restriction on frequency 
could result from physical constraints to particle 
movements, or from mechanochemical limitations on the 
driving forces. When the data from this study were reviewed, 
the periodograms were qualitatively consistent with narrow 
band random processes. 

While the complicated motion of individual organelles 
couid result from an underlying stochastic mechanism, this 
is not necessarily so. It is possible for a deterministic 
mechanism to produce a complicated and apparently random 
motion (May 1976). The resultant power spectrum from such a 
process could mimic narrow band or even wide band random 
data. This third hypothesis is examined in detail in the 
following text. 

The term chaotic can be used to describe the 
complicated movements of particles governed by deterministic 
equations (Ott 1981). Chaotic motion, while apparently 
random, is not necessarily so (Eckmann 1981). Three criteria 
TOm*ChdOUlCamOWl Onn are: 

1. a sensitive dependence on initial conditions, 
2. the power spectrum of such a process consists of a 


relatively broad band, and 
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3. the motion is aperiodic. 
The motion of intraaxonal organelles generally appeared to 
satisfy these criteria. 

How could chaotic motion occur within axons? If we 
consider fluid flow models then is it reasonable to assume 
that the motion of organelles results from turbulent fluid 
flow? This latter question might be answered by considering 
the flow of fluids within tubes. The Reynolds number for 


this type of flow is (Geankoplis 1978): 


seage eh (5.14) 


where @ is the diameter of a tube. Substitute in values to 
maximize the Reynolds number, for the case of flow within 
axons: the diameter of the tube cannot be larger than the 
diameter of its axon thus let a = 10 wm; the speed of the 
flow should be about the usual speed for particles thus v = 
1 pm/s; the density of axoplasm, p= 103 kg/m; and the 
viscosity of axoplasm should not be less than that of water 
thus m= 1x10-3 Paes. The resultant Reynolds number is 
x02 o= Ast low withinvasstraightacirciman tubes always 
laminar when the Reynolds number is less than 2100. Thus 
turbulence cannot occur within any conceivable flow within 
axons. Chaotic motion of intraaxonal organelles cannot 


result from turbulence of fluids. 
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We are still left with the question of how chaotic 
motion could arise within axons. For fluid flow models to be 
feasible, it is necessary for a complicated system of 
channels or guides to exist within axons. These channels 
would necessarily be about one micrometer wide so that a 
channel could be individualized to each particle. On the 
other hand we could abandon the microstream hypothesis for a 
mechanism that moves particles through a stationary fluid. 
This mechanism probably would have to be individualized to 
each particle. 

The complicated motion of organelles can be further 
analysed by constructing phase diagrams. A phase diagram 
consists of the curve defined by plotting x’ (t) versus its 
corresponding function, x(t). The resultant curve in phase 
space is termed an orbit (Hofstadter 1981). A phase diagram 
was produced from observations of a moving intraaxonal 
organelle in Fig. 3.10. The resultant self-intersecting 
orbit describes the complicated motion of an organelle 
within an axon. 

How can the phase diagram in Fig. 3.10 be interpreted? 
The orbit meanders over its phase plane in an apparently 
random manner. One simplistic interpretation is that some 
random influence perturbed the motion of the particle. 
However, if the particle’s motion is chaotic, its motion 
could be entirely deterministic. The meandering orbit could 
then result from a sensitive dependence of the process on 
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Whiter thevorbit in) Fig. 32510 has a com licatedipattern, 
it is confined to a bounded region of its phase plane. When 
such limits are imposed on phase orbits an attractor is said 
to be present (Eckmann 1981). Often orbits around attractors 
have well-defined ovoid patterns. However, the orbit in Fig. 
3.10 shows no such pattern. This sort of behavior could 
indicate the presence of a Strange attractor. Again, such 
properties arise from nonlinear equations of motion. 

The main point of this section is that while the 
oscillatory motion was complicated and had apparently random 
properties, it could also be deterministic. It is possible 
for a very complicated motion to be deterministic. If the 
process were deterministic, then the complicated motion of 
organelles would be a reflection of underlying nonlinear 


processes. 


5.5.6 Abrupt Changes In Motion 

One other type of movement was observed within axons. 
In certain preparations some particles alternated between 
stationary and translating states. A particle could 
oscillate about a fixed position then abruptly start 
translating. This motion was only rarely observed within the 
control preparations. Only those preparations with inhibited 
transport commonly exhibited this motion. 

It must be emphasized that these abrupt changes in 
motion were not the saltatory motions described by earlier 


workers (Leestma and Freeman 1977; Forman et a/. 1977a). 
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These early studies were observations on the uninhibited 
transport of organelles, while the abrupt movements 
discussed here resulted from partially inhibited transport. 

What are the factors that cause these abrupt movements? 
No association was found with frequency of oscillation, 
total velocity, nor amplitude of oscillation. Perhaps these 
transitions resulted from the initiation of a driving force, 
or the removal of a resistive force. 

Another possible explanation for these movements 
involves chaotic motion. Under certain conditions a particle 
moving in the chaotic regime may take an orbit that diverges 
from a region of attraction. For example, suppose the 
equation of motion of an organelle resembied the Duffing 


equation (Davis 1962): 
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Here, the position of an organelle is x ="x(t); a, 6, and K 
are constants. A particle moving according to the Duffing 
equation may oscillate about an attractor or it may take a 
divergent path. A numerical solution of the Duffing equation 
TSeSHOWNe INE 1s) Oe 4am hisesolLUETOnsexbibrissda styvorcay 
divergence. 

The point to be emphasized here is that a deterministic 
process could produce the abrupt changes in motion of 


organelles. The complicated motion of organelles may be the 
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Figure 5.4 A Solution Of Duffing’s Equation 
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result of a relatively simple, but nonlinear, mechano- 


chemical process. 


5.6 Conclusion 

The primary aim of this study was to investigate the 
residual motion of intraaxonal organelles. Much work was 
devoted to demonstrating that thermal forces could not 
produce this motion. Since Brownian motion was an improbable 
cause of this motion, then the motion should be secondary to 
a metabolic process. 

Normal axonal transport consisted of two components: 

1. a translatory component, and 

2. an oscillatory component. 

The inhibition of rapid transport eliminated the translatory 
component leaving residual oscillations. With further 
inhibition even these oscillations ceased. 

The oscillatory component of transport was quite 
complicated. Either a stochastic process or a nonlinear and 
deterministic process could produce this motion. This 
distinction, while apparently abstract, does have 
implications concerning the driving mechanism. The mechanism 
could either be a stochastic process, analagous to Brownian 
motion, or a highly coordinated and complicated 
mechanochemical process. It is probable that the 
oscillations are caused by the underlying mechanism for 


transport. Perhaps these oscidsations arevayresult of an 
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oscillatory chemical reaction, or some cyclical control 
mechanism governing a mechanochemical process. 

A secondary aim of this study was to investigate the 
recovery of axonal transport after freezing and thawing. 
This stress inhibited transport, and destroyed intraaxonal 
microtubules. Both of these actions were spontaneously 
reversible. Recovery of transport paralleled the 
reappearance of microtubules. Furthermore, colchicine 
prevented both recovery of transport and reappearance of 
microtubules. Because of this circumstantial evidence, it 
was concluded that axonal transport likely depended on 
microtubules. 

The final goal was to study the motion of organelles 
order to evaluate several postulated models for transport. 
Unfortunately, none of the currently popular models could 
explain all aspects of transport. 

From the observations and theoretical considerations 
examined in this thesis, several hypotheses concerning 
transport can be proposed: 
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4. Some mechanism exists to convert bidirectional 


oscillations to unidirectional movement. 
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5. There is a recognition system that determines the speed 


and direction of travel for each particle. 


6. Transport requires oxidative metabolism. 
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7. Rapid axonal transport could possibly depend upon intact 
microtubules: as structural supports, as guides for 
movement, or as components of the driving mechanism. 

To go any further and construct a detailed model would 
require several assumptions. Any one of these assumptions 
would likely be incorrect. Rather than constructing an 
abstract model, the best way to understand the mechanism of 
axonal transport would be to perform wel! designed 
experiments that are aimed at elucidating this mechanism. 
Any understanding of the mechanism of transport must be 


closely based on experimental results. 
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